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FOREWORD 
This report  presents the w r k  p e r f o r a d  under IUUA contract  M3-18546 
i n  the period October, 1975 t o  March, 1977, with Mr. Robert E. Cunningham, 
:USA Levis Research Center as Project Manager. It is the fourth in  a 
s e r i e s  of reports  on the developrrent of procedures for  calculazing 
s t i f f n e s s  and d q i n g  propert ies  of elastomers i n  engineering applications. 
The Program Pilager fo r  KT1 was Dr .  A. J. Smalley. Principal i m r c ~ t i g ~ t o r  
fo r  the experimental portions was Mr. H. S. Darlcw. The analysis  fo r  
reduction of test data w a s  developed by D r .  P. K. Gupta, Mr. D. A. Smith 
conducted a nurmber of the t e s t s .  Principal  Technician fo r  a l l  the elastomer 
t e s t s  vas Mr .  5. Hamil. 
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This r epo r t  presents  t h e  r e s u l t s  of a program of ana lys i s  a d  test t o  determine 
t h e  dynamic proper t ies  of elastomer ca r t r i dges  operat ing under a ro t a t i ng  load. 
These measured proper t ies  were compared t o  pred ic t ions  based on previous r e s u l t s  
of uni-direct ional  rec iproca t ing  tests with t h e  same elastomer mater ia l .  
The test method f o r  t he  dynamic s t i f f n e s s  and damping measurements was essen- 
t i a l l y  t he  same as t h e  Base Exci ta t ion  Resonant Mass Method used and reported 
previously. The primary d i f f e r ence  is t h a t  t h e  exc i t i ng  fo rce  used f o r  t he se  
most recent  t e s t s w a s  exerted by r o t a t i n g  unbalance i n  a r c t a t i o n a l  test rig 
r a the r  than by a shake table .  The specimens t e s t e d  were: two rectangular  
cross-section continuous r i n g  ca r t r i dges  of d i f f e r e n t  cross-section and t h r e e  
c y l i n d r i c a l  button ca r t r i dges  of d i t  f e r e n t  but ton thickness.  Tes t s  were per- 
formed f o r  s t r a i n s  from about 0.0001 t o  about 0.01 (double amplitude), a t  a 
temperature of about 26OC. The mater ia l  t e s t ed  was a broad temperature range 
(BTR) oolvbutadiene . 
Material p rope r t i e s  and pred ic t ion  equations determined previously were used 
t o  make numerical p red ic t ions  of s t i f f n e s s ,  damping, and l o s s  coe f f i c i en t  f o r  
t he  test elements, with encouraging r e s u l t s .  S t r a i n  was shown t o  be an irnpor- 
t an t  parameter i n  determining these  dynamic p rope r t i e s ,  p a r t i c u l a r l y  damping 
and l o s s  coe f f i c i en t .  

11. INTRODUCTION 
The use of support damping a s  a means t o  con t ro l  ro t a t ing  machinery v ib ra t ions  
is seeing increasingly wide appl ica t ion  i n  advanced turbo-machinery. It w i l l  
a l s o  have an important r o l e  t o  play i n  advanced, f l ex ib l e ,  pover transmission 
shafting. Presently,  the  most conmon type of damper i n  these  appl ica t ions  i s  
t h e  squeeze-film damper i n  p a r a l l e l  with some type of mechanical flexure. 
Elastomer dampers are an a t t r a c t i v e  a l t e r n a t i v e  t o  t he  squeeze f i l m  f o r  ro- 
t a t i n g  machinery and other  appl ica t ions  because of t h e i r  s impl ic i ty ;  t h e i r  
inherent combination of s t i f f n e s s  and damping; t h e i r  compactness; and t h e i r  
l ack  of need f o r  s e a l s  o r  o i l  supply. I n  the form of O-rings o r  ca r t r i dges  
they a r e  being considered f o r  lav-cost engine appl ica t ions  and f o r  he l icopter  
transmission shaf t ing  . 
Two of t he  f a c t o r s  which resist t h e  growth i n  appl ica t ion  of elastomer dampers 
a r e  t h e  l imited a v a i l a b i l i t y  of design-oriented da t a  on t h e i r  dynamic behavior 
and limited quant i f ica t ion  of t he  problems t o  be encountered i n  t h e i r  applica- 
t ion. Dynamic t e s t i n g  under cont ro l led  conditions,  coupled with p r a c t i c a l  
i n t e rp re t a t ion  of t he  test r e s u l t s ,  is the  means t o  f i l l  t h i s  need. Thereby, 
t h e  influence of important geometrical, environmental, and chemical design 
parameters can be determined. 
A program f o r  t e s t i n g  and ana lys i s  of elastomer mater ia l s  has been i n  progress 
a t  MTI s i n c e  1971. The objec t ives  of the  program a r e  t o  develop elastomer 
dynamics technology and t o  reduce t h e  technology t o  a form i n  which i t  can be 
r ead i ly  appl ied i n  design. 
Experimental and ana ly t i ca l  methods a r e  employed i n  meeting these  object ives .  
F i r s t l y ,  from a l imited number of t e s t s ,  general  p roper t ies  a r e  sought which 
charac te r ize  an elastomer mater ial .  Secondly, predict ion methods a r e  sought 
which employ these  mater ia l  p roper t ies ,  i n  combination with appropriate  geo- 
merry effects,  t o  yield values fo r  s t i f f n e s s  and damping of pa r t i cu l a r  elastomer 
r nilt- ijiur;l t ions. 
This r e p x t  is the  four th  i n  a s e r i e s .  Preceding repor t s  (References 1, 2 ,  
and 3: have described the  development and refinement of a powerful t e s t  tech- 
nique, the Base Exci tat ion Resonant Mass (BERM) method, and i ts appl ica t ion  
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t o  t h e  development of elastomer element proper t ies  i n  a cont ro l led  temperature 
environment under condit ions of low and high d i s s ipa t ion  f o r  a v a r i e t y  of 
geometries. The BERM method most conveniently suppl ies  d a t a  i n  t he  100 t o  
1000 Hz frequency range i n t o  which the  majori ty  of r o t a t i n g  machinery vibra- 
t i o n  problems f a l l .  Important f ea tu re s  of t h e  method a r e  its cont ro l led  
temperature environment; its a b i l i t y  t o  apply cont ro l led  high o r  lav l e v e l s  
of d i s s i p a t i o n  a t  frequencies up t o  1000 Hz o r  higher;  its exp lo i t a t i on  of 
mechanical resonance t o  achieve phase angles c lus te red  arouad 90 degrees; and 
its determination of s t i f f n e s s  and damping from accelerometer s igna l s  only, 
each processed by i d e n t i c a l  e lec t ronics ,  t o  minimize spurious phase e r r o r s  i n  
the  data .  
The vork presented herein provides co r r e l a t ion  of a n a l y t i c a l  p red ic t ive  pro- 
cedures developed from previously generated t e s t  r e s u l t s  (References 1, 2, 
and 3) under a rec iproca t ing  load, with test r e s u l t s  cur ren t ly  obtained under 
a r o t a t i n g  load. The importance of t h i s  co r r e l a t ion  cannot 3e s t ressed  too 
s t rongly.  Under e a r l i e r  phases of t h i s  program (References 1, 2 and 3), i t  
was found t h a t  pred ic t ing  and obtaining dynamic proper t ies  f o r  elastomer 
specimens operating unJer a reciprocat ing load was not  d i f f i c u l t .  Havever, 
the  u l t imate  aim of t h i s  technology is t o  provide designer-oriented informa- 
t i o n  f o r  use  i n  t he  design of elastomer dampers f o r  r o t a t i n g  machinery. 
Theref ore ,  the  predict ive methods obtained from rec iproca t ing  elastomer tests 
a r e  usefu l  only i f  it  can be shown t h a t  those methods a r e  appl icable  t o  an 
elastomer element which is subjected t o  a ro t a t ing  load. To t h i s  end a 
ro t a t ing  load t e s t  r i g  w a s  designed and b u i l t .  The requirements f o r  t h i s  
t e s t  r i g  were qu i t e  revere. The t e s t  r i g  had t o  permit easy exchange of elastomer 
ca r t r i dge  specimens; i t  had t o  be possible  t o  change the  l e v e l  of exc i t i ng  
force;  i t  had t o  be possible  t o  implement the Base Exci ta t ion  Resonant Mass 
technique t o  generate t e s t  da ta ;  and i t  had t o  be possible  t o  run the t e s t  f o r  
severa l  minutes a t  frequencies up t o  1000 Hz. The t e s t  r i g  met these basic  
requirements and allowed s t i f f n e s s  and damping proper t ies  of 5 d i f f e r e n t  
elastomer car t r idge  configurat ions t o  be determined under a ro t a t ing  exc i ta -  
tiotl. A t  the same time i t  was found t h a t ,  superimposed on the desired 
t r ans l a to ry  motion of the t e s t  r i g  resonant ?ass, was s ign i f i can t  conical  
not ion.  This cvnical  motion presented d i f f i c u l t i e s  i n  da t a  reduction a s  
discussed i n  the body of the repor t .  It a l s o  diminished the amplitude and 
peak resonant frequency of the ~ r a n s l a t o r y  component which had been predicted 
assuming pure trsnslaiory motion; thus, additional project goals of imposing 
up to 5 mlls double amplitude and including translatory resonant response at 
up to 1000 Hz were not met. 
The starting point for accumulation of information is testing, and tile ro- 
tating load test rig provided the source of test data within this phase of 
this program. The output of the tests was raw data (amplitudes, phase angles, 
etc.) which was converted by automated data analysis methods to specimen 
properties - that is, stiffness and damping of the elements being tested. 
The following sections of the report present, first, a summary of results, 
conclusions, and reccmmendations. Then follows a description of test 
methods, including parameter ranges, a presentation of the test results, 
and a discussion of these results. 
111. SllMMARY OF RESULTS 
Although t h e  e las tomer  c a r t r i d g e s  d i d  not  respond i n  a s t r i c t l y  r a d i a l  mode, 
as was intended i n  t h e  des ign  of t h e  test r i g ,  i t  w a s  g e n e r a l l y  p o s s i b l e  t o  
i d e n t i f y  t h e  r a d i a l  component of t h e  response,  from which v a l u e s  of e las tomer  
s t i f f n e s s  and damping could be c a l c u l a t e d .  However, a c o n i c a l  resonance of 
t h e  t e s t  r i g  upper bear ing  housing occurred at  about 320 Hz, and near  t h i s  
frequency, it  was no t  p o s s i b l e  t o  r e l i a b l y  i s o l a t e  t h e  r a d i a l  components of 
v i b r a t i o n .  
P r e d i c t i o n s  of r i n g  c a r t r i d g e  s t i f f n e s s  and damping have been made es a 
func t ion  of frequency (independent of s t r a i n ) ,  u s i n g  two d i f f e r e n t  a l g e b r a i c  
express ions  {from Reference [3]) .  The s imples t  of t h e s e  is based on repre-  
s e n t a t i o n  of t h e  c a r t r i d g e s  as a s e r i e s  of n o n i n t e r a c t i n g  beam and column 
elements.  These two simple methods p red ic ted  r e s u l t s  which d i f f e r  by a 
f a c t o r  of two, bu t  provide a band wi th in  which t h e  g r e a t  major i ty  o f  measured 
va lues  l i e .  
P r e d i c t i o n s  of bu t ton  c a r t r i d g e  s t i f f n e s s  and damping have been made as a 
func t ion  of frequency (independent of s t r a i n ) ,  us ing  two d i f f e r e n t  a l g e b r a i c  
express ions  (from r e f e r e n c e  [ 3 ] ) .  One of t h e s e  express ions  is based on t h e  
assumption t h a t  t h e  i n d i v i d u a l  bu t tons  underwent compression load ing  only.  
The o ther  express ion  is based on t h e  assumption t h a t  t h e  i n d i v i d u a l  bu t tons  
underwent both  compression and shear  loading.  For one of t h e  bu t ton  c a r t r i d g e  
t e s t  specimens, t h e  i n d i v i d u a l  bu t tons  were glued t o  t h e  inner  ho lder  only.  
I n  t h i s  case ,  t h e  p r e d i c t i o n s  of s t i f f n e s s  based on compression loading agreed 
more c l o s e l y  w i t h  t h e  t e s t  r e s u l t s .  For t h e  remaining two bu t ton  c a r t r i d g e  
t e s t  specimens, t h e  i n d i v i d u a l  bu t tons  were glued t o  both t h e  inner  and o u t e r  
ho lders .  I n  t h e s e  cases ,  t h e  p r e d i c t i o n s  of s t i f f n e s s  based on combined com- 
p ress ion  and s h e a r  loading agreed more c l o s e l y  wi th  t h e  test r e s u l t s .  
P r e d i c t  ions  o f  l o s s  c o e f f i c i e n t  and damping f o r  t h e  but ton c a r t r i g e s  baser; 
on t h e  express ions  of re fe rence  [3] were g e n e r a l l y  higher  than t h e  corresponding 
measured values .  This d iscrepancy f o r  l o s s  c o e f f i c i e n t  and damping is a t t r i b u t e d  
t o  the  e f f e c t s  of s t r a i n ,  which was s u b s t a n t i a l l y  lower f o r  t h e  p resen t  t e s t s  
than f o r  those  t e s t s  upon which t h e  express ions  of r e f e r e n c e  [3] were based. 
Ex t rapo la t ion  of a v a i l a b l e  d a t a ,  f o r  t h e  e f f e c t s  of s t r a i n  on l o s s  c o e f f i c i e n t ,  
t o  apply t o  t h e  present  c o n d i t i o n s ,  r e s u l t s  i n  much c l o s e r  agreement between 
p r e d i c t  ions  and measurement Y . 
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I V .  CONCLUSIONS AND RECOMMENDATIONS 
On the  b a s i s  of t h e  r e s u l t s  presented i n  t h i s  r epo r t ,  the  f o l l w i n g  conclusions 
a r e  drawn. 
1. The dynamic p rope r t i e s  of polybutadiene elastomer ca r t r i dges  under 
r o t a t i n g  loading exh ib i t  s a t i s f a c t o r y  agreement with those obtained 
under un i -d i rec t iona l  reciprocat ing loading. 
2. For low s t r a i n s ,  elastomer s t i f f n e s s  is r e l a t i v e l y  i n s e n s i t i v e  t o  
change i n  s t r a i n .  S t i f f n e s s  decreases  s l i g h t l y  with increases  i n  s t r a i n .  
3. For low s t r a i n s ,  elastomer damping and l o s s  coe f f i c i en t  a r e  very 
s e n s i t i v e  t o  changes i n  s t r a i n .  Increasing s t r a i n  r e s u l t s  i n  
increases  i n  elastomer damping and l o s s  coe f f i c i en t .  
4 .  The degree t o  which shear  loading occurs i n  an  elastomer ca r t r i dge  
is dependent on t h e  ex is tence  of bonding between the  elastomer 
elements and t h e  specimen holders.  
5 .  To f u l l y  de f ine  t h e  dynamic behavior of an elastomer, da ta  2 t  both 
low and high s t r a i n  l e v e l s  must be obtained. 
6 .  For design purposes caut ious r e l i ance  can be placed i n  pred ic t ions  
of polybutadiene s t i f f n e s s  and corresponding resonant f requencies  
using t h e  pred ic t ive  methods discussed herein.  
7 .  Designs based on corresponding polybutadiene damping pred ic t ions  
should, r e a l i s t i c a l l y ,  be t o l e r a n t  of a f a c t o r  of two uncer ta in ty  ill 
damping and i n  corresponding amplitudes of response (as  they should 
using state-of-the-art  p red ic t ion  methods f o r  any o ther  damper types).  
For fu tu re  inves t iga t ions ,  t he  following r e c m e n d a t i o n s  a r e  made. 
1. The understanding of t h e  dynamic behavior of polybutadiene elastomer 
elements w i l l  be improved by obtaining fu r the r  rec iproca t ing  load 
da t a  a t  very low s t r a i n  l e v e l s  and by r e l a t i n g  i t  t o  t h e  present  
t e s t  data .  
2. Simple methods f o r  including s t r a i n  dependence of dynamic b e h a v i ~ r  
i n  elastomer design p rac t i ce  should be developed. 
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3. Material and geometr ical  p roper ty  tests f o r  a  number of d i f f e r e n t  
elastomer m a t e r i a l s  should be performed t o  determine t h e  e x t e n t  
t o  which t h e  p r e s e n t l y  discussed p r e d i c t i v e  methods can be general -  
i zed ,  and t o  e s t a h i i s h  a broad d a t a  base  oL eiastomer dynamic p r o f i l e s .  
4. Appl ica t ion  s t u d i e s ,  a n a l y t i c a l  and exper imental ,  should be  per- 
formed t o  determine t h e  b e n e f i t s  and l i m i t a t i o n s  of e las tomer  
elements as v i b r a t i o n  c o n t r o l  e l m e n t s .  
5. Success fu l  short-term a p p l i c a t i o n  tests should be followed by t e s t s  
f o r  l i f e  and s u r v i v a b i l i t y  t o  determir,e t h e  e x t e n t  t o  which t h e s e  
problems w i l l  l i m i t  a p p l i c a t i o n .  
V. EXPERIMENTAL DESKN AND DESCRIPTION OF TESE 
An Elastooler Cartridge Rotating Load Test Rig w a s  used t o  test the  dynamic 
proper t ies  of the  e l a s t m e r  samples. This test r i g  erployed a forced vibra- 
tio?, resonant mass pr inc ip l e  i n  which r o t a t i n g  unbalance provided the 
exc i t ing  force. The test rig w a s  designed t o  a l l w  the  frequency of resonance 
t o  be  modified by c h n g i n g  the 3.rour;t of resonant mss being xppor t ed  by t h e  
elastomer ca r t r i dge  specimen. Acquisit ion of d a t r  was, hwev*r,  not l h i t e d  
t o  the  r e s o n a x e  condition of the system. I n  f a c t ;  d a t a  S t a i n e d  a t  the  
resonsnee frequency of each mass-spring corbinaticrn was j u s t  one of severa l  
da t a  poin ts  acquired at severa l  v ib ra t ion  frequencies around resonance, here  
s ign i f i can t  amplitude r a t i o s  between ro to r  aud resonant mass v ib ra t ion  exis ted.  
This method of generating test d a t a  f o r  ca lcu la t ing  dynamic elastomer p rope r t i  es 
was e s s e n t i a l l y  t h e  same as the  B z s e  Exci ta t ion  Reconant Mass fechnique enployed 
i n  earlier phases of t h i s  Frogram, except t h a t  i n  t h i s  case  the elastomer 
specimen w a s  being subjected t o  a r o t a t i n g  load r a the r  than a reciprocat ing 
load. Ihe f o l l d n g  sec t ions  present a descr ip t ion  of t h e  test rig, t h e  design 
of the  elastomer t e s t  samples, the  methods of pred ic t ion  of elastomer proper t ies ,  
t he  instrwnentation as i t  was used f o r  t h e  recording of test da ta ,  t he  procedures 
involved i n  the tes t ing ,  and the  range of Cest parameters investigated. 
Description of Elastomer Cartridge Rotating Load Test Rig 
The Elastomer Cartridge Rotating Test Rig is shown i n  a sketch i n  Figure 1 and 
a s  a photograph i n  Figure 2. The components of the  test r i g  a r e  s h a n  i n  
Figure 3. The lower housing of t h i s  t e s t  r i g  was securely mounted t o  a r i g i d  
support s t ruc ture .  The upper housing of t h i s  t e s t  r i g  w a s  a t tached t o  the 
lower sect ion by f lexures  whit;, were designed t o  have a low r a d i a l  s t l f t n e s s  
5 (1.75 x 10 N/F) and high angular and a x i a l  s t i f  fnesse;. Therefore, the 
upper housing w ~ s  f r e e  t o  t r a n s l a t e  r e l a t i v e  t o  the  lower housing, but its ro- 
t a t i on  and a x i a l  motion were s t r o q ~ y  resis ted.  The r o t a t i n g  s h a f t  was supported 
i n  each of these housings by a s i n g l e  angular contact  b a l l  bearing. The bearingc 
were preloaded against  each other  using wave spr ing  washers. The d i r ec t ion  of pre- 
lor~din,: was designed t o  reqrsire the flexures t o  be s t a t i c a l l y  loaded i n  tension 
t o  eliminate any danger of buckling the  f lexures .  O i l  j e t  lubricaton w a s  used 
t o  lubr ica te  and cool the bearings. This t c s t  r i g  was designed t o  allow i t  t o  
be used f o r  t e s t i ng  O-rings as we1 1 as  elastomer car t r idges ,  a s  shown i n  the 
sketch i n  Figure 1. The elastomer ca r t r i dges  a r e  described i n  d e t a i l  i n  t he  
next sec t ion  of t h i s  report.  
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The t e s t  r i g  s h a r t  h2d an  air  t u r b i n e  d r ive .  The t u r b i n e  wheel w a s  mounted 
t o  t h e  bottom of t h e  s h a f t  wi th  an  i n t e r f e r e n c e  f i t  t o  prevent  any r e l a t i v e  
amtion b e t r e e n  t h e  t u r b i n e  wheel and t h e  s h a f t .  A series of threaded h o l e s  
were a v a i l a b l e  i n  t h e  t u r b i n e  wheel f o r  adding balance (o r  unbalance) weights  
t o  t h e  bottom of t h e  s h a f t .  A d i s k  was a t t ached  t o    he t o p  of t h e  s h a f t  which 
a l s o  had a series of threaded h o l e s  f o r  balance weights.  The e x c i t i n g  f o r c e  
f o r  t h e  elzstomer response was changed by t h e  a d d i t i o n  of weights  t o  t h e  d i s k  
at t h e  top  of t h e  s h a f t .  
The test r i g  w a s  instrumented wi'h accelerometer$,  displacement probes,  t h e m -  
R 
couples,  and a Fotonic  Sensor ( f i b e r  o p t i c  pickup). Th i s  ins t rumenta t ion  is 
descr ibed i n  d e t a i l  i n  a later s e c t i o n  of t h i s  r e p o r t .  
As an i n t e g r a l  p a r t  of t h e  test r i g  des ign,  a s e r i e s  o f  a n a l y t i c a l  c r i t i c a l  
speed and unbalance response p r e d i c t i o n s  w e r e  made. Three c r i t i c a l  speeds  
aere pred ic ted  t o  occur i n  "r near  t h e  opera t ing  speed range of t h e  test r ig .  
Ilre predic ted mode shapes f o r  t h e s e  c r i t i c a l  speeds  a r e  presented i n  t h e  
ske tches  i n  F igure  4. Since  t h e  f l e x u r e  s t i f f n e s s  w a s  designed t o  be  a t  
l e a s t  an  o r d e r  of roagnitude less than  t h e  e las tomer  c a r t r i d g e  s t i f f n e s s ,  t h e  
mode of t h e  lowest t e s t  r i g  resonance involved in-phase motion of t h e  test 
r i g  upper bear ing  housing, elastomer c a r t r i d g e ,  and resonant  mass on t h e  
f l e x u r e s  ds i l l u s t r a t e d  i n  t h e  s k e t c h  i n  Figure  4a. In  t h i s  mode, t h e  ro- 
t a t i n g  s h a f t  of t h e  test r i g  remained r i g i d .  The frequency a t  which t h i s  
resonance occurred was a mild func t ion  of t h e  resonant mass, s i n c e  t h e  
resonant mass w a s  only  p a r t  of t h e  dynamic mass i n  t h i s  mode of resonance, 
ranging from about 13 t 1 25 Hz, w e l l  belcw t h e  frequency range of i ~ l t e r e s t  
f o r  t h e  elastomer t e s t s .  The second t e s t  r i g  resonance was t h a t  used f o r  
t h e  elastomer t e s t s .  Th i s  mode involved t h e  same motion of t h e  test 
r i g  upper bear ing housing and elastomer c a r t r i d g e  inner  housing a s  t h e  f i r s t  
t e s t  r i g  resonance. However, t h e  elastomer c a r t r i d g e  o u t e r  housing and t h e  
resonnnt mass moved out  of phase wi th  t h e  inner  housing, a s  i l l u s t r a t e d  i n  
Figure  4%. The frequency a t  which t h i s  resonance occurred was a f u n c t i o n  of 
both resonant mass and t h e  dynamic p r o p e r t i e s  of t h e  elastomer c a r t r i d g e s ,  
ranging fr.im about 200 Hz t o  650 Hz. For t h i s  resonance, a s  f o r  t h e  f i r s t  
resonance, t h e  t e s t  r i g  r o t a t i n g  s h a f t  was n o t  expected to bend. The t h i r d  
resonance of t h e  t e s t  r i g ,  w h i ~  il was expected t o  occur above 1000 Hz, invalved 
bending of t h e  test r i g  r o t a t i n g  s h a f t  between t h e  lower bear ing  and t h e  t u r -  
bine. This  mode involved t i t t l e  motion of t h e  upper por t ion  of t h e  test r i g  
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r o t a t i n g  s h a f t ,  t h e  upper bear ing  housing, and t h e  resonant  mass. Although 
t h i s  resonance was expected t o  occur above 1000 Hz, a s i g n i f i c a n t  amount of 
unbalance i n  t h e  t u r b i n e  wheel could,  and d i d ,  begin  t o  e x c i t e  t h i s  mode at  
f requenc ies  as  lw a s  about 800 Hz. Hwever,  t h e  response t o  t h i s  mode of 
resonance was n o t  s i g n i f i c a n t  w i t h i n  t h e  frequency range of t h e  elastomer 
tests. 
Descr ip t ion  of Elastomer C a r t r i d g e  Tes t  Samples 
Tes t  samples were designed t o  be used wi th  t h e  Elastomer C a r t r i d g e  Rotat ing 
Test  Rig t o  determine t h e  dynamic s t i f f n e s s  and d a p i n g  of an e las tomer  
c a r t r i d g e  under r o t a t i o n a l  r a d i a l  loading. The s e l e c t i o n s  o f  test sample 
material and c o n f i g u r a t i o n s  are d i scussed  b e l w .  
Mate r ia l  S e l e c t i o n  
The i n i t i a l  s e l e c t i o n  of polybutadiene as test m a t e r i a l  had a l r e a d y  taken 
p lace  dur ing  a n  earlier phase of t h i s  program repor ted  i n  Reference 2. Re- 
s t a t e d  b r i e f l y ,  t h e  choice  of polybutadiene,  which is c l a s s e d  as a Broad 
Temperature Range (BTR) elastomer,  was p r i m a r i l y  based UpGn t h e  d e s i r e  t o  
test a material t h a t  was not  o v e r l y  s e n s i t i v e  t o  small v a r i a t i o n s  i n  ambient 
temperatures  nor  t o  t h e  temperature  v a r i a t i o n  induced i n  t h e  sample through 
v i b r a t i o n  t e s t i n g .  
The choice  of polybutadiene among BTR elas tomers  was based upon t h e  manufacturer 's* 
recommendation founded on manufacturing cons idera t ions ,  such ac t h e  achievement 
of c o n s i s t e n t  m a t e r i a l  p r o p e r t i e s  from batch-to-batch. Th is  m a t e r i ~ l ,  which 
c a r r i e s  t h e  manufacturer 's  des igna t ion  NM156G. has  a aominal hardness  of 70 
durometers (o r  Shore A Hardness) and has  t h e  h ighes t  hardness  and damping of 
those  a v a i l a b l e  from t h e  manufactur2r. 
Test  Sample Configurat ions  
Two test sample c o n f i g u r a t i o n s  were t e s t e d :  
Ring C a r t r i d g e  Type Samples 
Button Car t r idge  Type Samples 
- - -  - -  - -. - - ----- ---------- 
* N i t . ! l ~ l l  s E i ~ g  Lnecring, Inrorpnmtcd,  Shcl ton,  Connecticut .  
Ring Cartr idge Test Samples - Each of these test specimens (shown i n  a sketch 
i n  Figure 5 )  consis ted of two continuous axisymmetric e las tomet r ic  rin,s af 
ba s i ca l l y  rectangular  cross-section. These r i ngs  were each held between a ~ d  
cemented t o  the  c y l i n d r i c a l  sur faces  of two s h e l l  s t r u c t u r e s  wi th  a cyano- 
a c r y l a t s  g lue  (Eastman 910 MHP). The outer  housings were s p l i t  t o  f a c i l i t a t e  
t he  assembly of these  test elements and t o  allow a p o s i t i v e  r a d i a l  preload t o  
be applied, s o  ensuring t h a t  t he  elastomer-metal bonds remain i n  compression 
during t e s t i ng .  One of these asseabled test elements (shown i n  t he  photographs 
i n  Figures 6 and 7) could then be mounted on o r  removed from t h e  t e s t  r i g  as a 
uni t .  When assembled t o  t h e  test f i x t u r e ,  t he  inner  housing of t h e  test element 
was secured t o  the  upper housing of t h e  test r i g ,  while t he  elastomer supported 
ou te r  housing was at tached to ,  and therefore ,  became pa r t  o f ,  t h e  resonant mass. 
Sizing s t u d i e s  f o r  t he  r i n g  ca r t r i dge  were performed. A minimum value f o r  
inner diameter was es tab l i shed  from o ther  design considerat ions,  such a s  
bearing s i ze .  It was decided t o  use t h i s  minimum value f o r  t he  inner diameter 
and t o  determine the  outer  diameter by using t h e  same mater ia l  thickness  a s  
was used f o r  t n e  previous c a r t r i d g e  t e s t s ,  0.188 inches (0.0048 meters).  
Tko sets of dimensions wercl se lec ted  f o r  t he  test configurat ion and a r e  shown 
i n  Table 1. The s i z ing  combines des i r ab l e  s t i f f n e s s  values  with dimensions 
which f i t  t he  ava i l ab l e  t e s t  space ye t  allow f o r  good r i g i d i t y  of t h e  holders .  
Two values  of t he  r a t i o  of length t o  r a d i a l  thickness  a r e  represented f o r  t h e  
same value of diameter. The predicted s t i f f n e s s e s  a r e  discussed i n  a l a t e r  s ec t i on  
of t h i s  repor t .  
TABLE 1 
DIMENS IONS OF RING CARTRIDC.ES 
Sample Inner Diameter Outer Diameter Length 
Number Meters Inches 
--
Meters Inches 
-- -- Meters Inches 
1 0.064 2.50 0.073 2.875 0.0043 0.188 
TOP VIEW 
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Figure  5 .  S k e t c h  of Kcctangular C r o s s  S e c t i o n  Elastomer 
Ring Cartridge 


Button C a r t r i d g e  Test  Samples - Each of t h e s e  t e s t  specimens (shown i n  a ske tch  
i n  Figure 8) c o n s i s t e d  of two rows of c y l i n d r i c a l  e las tomer  compression clcmcnts 
o r  "buttons" e ~ e n l y  d i s t r i b u t e d  about  t h e  o r i g i n  of t h e  r o t a t i n g  f o r c e  vec to r .  
These b u t t o n s  were he ld  between t h e  f l a t  s u r f a c e s  of two s h e l l  s t r u c t u r e s .  I n  
a l l  cases ,  t h e  bu t tons  were cemented t o  t h e  inner  housing wi th  a cyanoacry la te  
g l u e  and, i n  a l l  but  one c a s e  ( a s  expla ined l a t e r  i n  t h i s  r e p o r t ) ,  t h e  bu t tons  
were a l s o  cemented t o  t h e  o u t e r  housing w i t h  t h e  same glue .  The b u t t o n s  were 
loca ted  such t h a t  a l i n e  drawn from t h e  o r i g i n  of t h e  r o t a t i n g  f o r c e  v e c t o r  
through t h e  c e n t e r  of any of t h e  b u t t o n s  would form a r i g h t  m g l e  w i t h  e i t h e r  
f a c e  of t h a t  but ton.  One of t h e  i n n e r  housings  w i t h  t h e  b u t t o n s  a t t a c h e d  i s  
shown i n  t h e  photographs i n  F igures  9 and 10. A s  wi th  t h e  r i n g  ca r t r j -dges ,  t h e  
o u t e r  housings f o r  t h e  b u t t o n  c a r t r i d g e s  were s p l i t  t o  f a c i l i t a t e  t h e  assembly 
of t h e  t e s t  elements and t o  a l low a p o s i t i v e  r a d i a l  p re load  t o  be  app l i ed .  
Therefore ,  each of t h e s e  t e s t  elements could a l s o  b e  mounted on o r  removed 
from t h e  t e s t  r i g  a s  a u n i t .  I n  t h i s  way, bo th  t h e  r i n g  and but to i l  c a r t r i d g e s  
could  be pre-assembled and then qu ick ly  s u b s t i t u t e d  on t h e  test r i g  when d e s i r e d  
d u r i n g  t h e  t e s t  program. \Jt~en assembled t o  t h e  t e s t  f i x t u r e ,  t h e  inner  housing 
of one of t h e  bu t ton  c a r t r i d g e  t e s t  elements was secured t o  t h e  upper housing 
of t h e  t e s t  r i g ,  whi le  t h e  e las tomer  supported o u t e r  housing gas a t t a c h e d  t o ,  
and, t h e r e f o r e ,  became p a r t  of t h e  resonant  mass. 
Fcr each of t h e  b u t t o n  c a r t r i d g e s ,  each row of compression e lements  c o n s i s t e d  
of t h r e e  0.50 inch  (0.0127 meters)  d iameter  c y l i n d e r s  spaced c i r c u m f e r e n t i a l l v  
e q u i d i s t a n t  on a 2.50 inch  (0.0635 meter)  d iameter .  The diameter  dimension w a s  
chosen t o  be  0.50 inch,  s i n c e  polybutadiene rod of t h i s  d iameter  was r e a d i l y  
a v a i l a b l e .  Three th ickness  (he igh t )  dimensions were s e l e c t e d  f o r  t h e  t e s t  
c o n f i g u r a t i o n  and a r e  shown i n  Table 2. 
Besides m a t e r i a l  a v a i l a b i l i t y ,  t h e  bu t ton  c a r t r i d g e  a f fo rded  two a d d i t i o n a l  
advantages.  F i r s t l y ,  no s p e c i a l  molding was requ i red ;  t h e  b u t t o n s  were simply 
c u t  t o  s i z e ,  assembled i n  compression between t h e  two r i n g s ,  and bonded i n  
p lace .  Secondly, wide c o n t r o l l a b i l i t y  of s t i f f n e s s  and damping p r o p e r t i e s  
a r e  3-vai lable  by c o n t r o l  of t h e  i n d i v i d u a l  bu t ton  dimensions. 
ELASTOMER 
TEST SAMPLE 
TOP VIEW 
SECTION ''A -A" 
ELASTOMER / TEST SAMPLES 
Figure 8 .  Sketch of Cyl indr i ca l  Elastomer But ton  
Cartridge 


TABLE 2 
S-le Inner Diameter Outer Diameter Cylinder Diameter Eutton Height 
S d c r  Neters Inches Meters Tncher Heters 1.1ches Neters Inches 
1 0.0635 2-50  0.0693 2.75 21.0127 0.50 -00318 .I25 
2 0.6635 2-50 0.0483 2.688 0.0127 0.50 -002% -0938 
3 0.0635 2.50 0.0730 2-875 0.0127 0.50 -00476 ,188 
V I .  PPIDICTIOSS OF 9YNXYIC PROPERTIES OF ELASTOPIER CARTRIDGE TEST S>-WLES 
For  t h e  s p e c i f i c  g e m e t r i e s ,  e s t a b l i s h e d  i n  t h e  p rev ious  s e c t i o n , f o r  t h e  e l a s t o n e r  
c a r t r i d g e s  t o  be  t e s t e d ,  p r e d i c t i o n s  were made of s t i f f n e s s  and danpi-P i:i--' c.. 
t h e  c o n c l u s i o n s  f r a n  Reference 131. Tile p r o p e r t i e s  f o r  t h e  r i n g  c a r t r i d g e s  =ere 
p r e d i c t e d  a s  t h e  a r i t ! m e t i c  average  of t h e  v a l u e s  o b t a i n e d  f r m  e q u a t i o n s  (1) 
and (2) : 
where, 
GQ = c o q l c x  s h e a r  modu1.u~ of elastocser n a t e r i a l  (= G' + iG**) N/m 
X = ~unber cf e l z s t m e r  e lements  ( r ings)  i n  c a r t r i d g e  
L = l eng th  sf one eLewnt ( r i n g )  
r = o u t s i l e  r a d i c s  of one e l e w n :  ( r i a g )  
? 
- 
r = LnsLde r a d i n s  sf sne e l e z e n ~  ( r i n 3 )  
i I 
L; = 1 0 - 9 9 5 7 ~ ~ ! ( r ,  - r:! 3 
& - 
K1 = s t i f f n e s s  Nlm 
K2 = damping N/m 
2 G' = s t o r a g e  shea r  modclss (N/m ) 
2 C" = 10s; shea r  mod1.1ss (N/m ) 
CRIGnTAL PAGE 1'- 
OF POUR QUAL\LTi. 
Equation (1) is t h e  S e a n - C o l m  f o r n u l a  (wi th  r a d i u s  e f f e c t s ) ,  as r e p o r t e d  in 
r e f e r e n c e  131. Equat ion ( 2 )  is t h e  G%el f o r n u l a  ( o r i g i n a l l y  from r e f e r s n c e  
[Lj), a l s o  r e p o r t e d  i n  r e f e r e n c e  [3j. It was found i n  r e f e r e n c e  [ 3 ]  t h a t  t h e  
-- ..eiiicrions from t;?ese two f o m u l a e  s e n e r a l l y  bracketed t h e  r i n g  c a r t r i d g e  
t e s t  r e s u l t s  and t h a t  z n  avcrage  of t h e  txo  p r e d i c t i o n s  u s u a l l y  presence2 a 
reasonaSly  good es t i rna te  of t h e  a c c : ~ a l  dynanic p r a p e r c i e s  of  t h e  r i n g c a r t r i d g e  
~f interest. Therefore .  i t  was decided t o  u s e  this average  f o r  ? r e d i c t i n g  
t?,e d y ~ a x i c  ? r o p e r t i c s  of t h e  r i n g  c a r t r i d g e s  t o  be used f o r  t h e  r o t a t i n g  load 
c e s t s .  
The loading o f  t h e  i n d i v i d u a l  b u t t o n s  i n  t h e  bu t ton  c a r t r i d g e s  was p r i n c i p a l l y  
compressive. I n  two of t h e  t h r e e  bu t ton  c a r t r i d g e s ,  the  bu t tons  were glued 
t o  both t h e  i n n e r  and o u t e r  housings. In t h e s e  ca3es. t h e  b u t t o n s  would 
exper ience s h e a r  loading as wel l .  In  t h e  t h i r d  bu t ton  c a r t r i d g e  ( r e f e r r e d  
t o  as Button C a r t r i d g e  #3),  t h e  b u t t o n s  w e r e  g lued t o  t h e  inner  housing only. 
It is less l i k e l y  t h a t  t h e s e  b u t t o n s  vere s u b j e c t e d  t o  any s h e a r  loading.  
However, f o r  a l l  t h r e s  of t h e  b u t t o n  c a r t r i d g e s ,  predictions of dynamic 
p r o p e r t i e s  vere conducted, b o t h  i n c l u d i n g  and n e g l e c t i n g  t h e  e f f e c t  of s h e a r  
loading on t h e  bu t tons ,  f o r  comparison purposes.  
Each o f  t h e  bti t ton c a r t r i d g e s  had s 5 x  e las tomer  b u t t o n s  arranged i n  two rows, 
wi th  t h r e e  b o t t o n s  e q u a l l y  spaced c i r c u m f e r e n t i a l l y  i n  each row. The ar range-  
ment and load ing  of t h e  b u t t o n s  i n  one of t h e s e  rows is i l l u s t r a t e d  i n  t h e  
ske tch  in Figure  11. A f o r c e  F is exer ted  on t h e  c e n t e r  of t h e  i n n e r  
housing of t h e  c a r t r i d g e .  The r e s u l t i n g  dis? lacement  a t  i h i s  p o i n t  is 3 .  
The corresponding compressive displacement a c r o s s  b u t t o o  $1 i s  5 ,  whi le  t h e  
corresponding compressive displacement a c r o s s  b u t t o n s  $2 and $3 i s  r 
t imes t h e  c o s i n e  of s i x t y  degrees ,  o r  512. There fore ,  assuming a l l  t h r e e  
but to t is  have an e q u a l  conpress ive  s t i f f n e s s  of K t h e  r e s u l t i n g  c c n p r e s s i v e  
c ' 
f o r c e  i n  b u t t o n  $1 is K 6 ,  w h i l e  t h e  r e s u l t i n g  compressive f o r c e  i n  each of 
C 
b u t t o n s  I? and $ 3  is Kc6/2. There  is no s h e a r  d isplacement  a c r o s s  b u t t o n  $1. 
v h i l e  t h e  s h e a r  d isplacement  a c r o s s  b u t t o n s  $2 and 43 is S times t h e  s i n e  of 
s i x t y  degrees, o r  3 f i / 2 .  The r e s u l t i n g  s n e a r  f o r c e  i n  each of S u t t o n s  $2 
a r d  83 is K 3 6 1 2 ,  where t h e  Sutr0r.s have equa l  s h e a r  s t i f i n e s s e s  of K 
S s 
Sumuing t n e  f o r c e s  i n  t h e  x and y d i r e c t i o n s  g i v e s :  
0 3 IF ' F = Kc5+ K 512 cos  60 i % 1 / 2  cos 60 + K i d 1 2  s i n  X C S 
+ K  i p 2  s i n  60' = 3 /2  (K + K  ) 5 S C S 
- 0 0 
-F = 0 = q i / 2  s i n  60 - $ ! / 2  s i n  60 + K 5F/2 cos  60' 
Y F 0 
- K 5 6 / 2  cos  60 = 9 
s 
Therefore ,  t h e  compressive and s h e a r  s t i f f n e s s e s  of a r i n g  of t h r e e  b u t t o n s  a r e  
bo tn  e q u a l  t o  t h r e e  h a l v e s  of t h e  corresponding s t i f f n e s s e s  of a s i n g l e  bu t ton .  
The sane r e s u l t  w i l l  be obta ined r e g a r d l e s s  of t h e  d i r e c t i o n  i n  which t h e  
loading f o r c e  is taken ia t h e  above d e r i v a t i o n .  The dynamic p r o p e r t i e s  f o r  
BUTTON # 2 
Figure 11 .  Arrangement and Loading o f  a Typ ica l  
Row of Button i n  a Button Cartr idge  
t h e  bu t ton  c a r t r i d g e s  were ca l cu l a t ed  from equat ions ( 3) through ( 6 )  us ing  
an appropr ia te  va lue  f o r  N' ( e f f e c t i v e  number of but tons) .  S ince  a s i n g l e  
r i n g  of t h r e e  bu t tons  could be represented by one and one-ha l f ,bu t tcns ,  a - 
button c a r t r i d g e  with two such r i n g s  could be represented by l e t t i n g  3' b e  
equal  t o  three.  Equations (3) and ( 4 )  include shea r  e f f e c t s  and equat ions 
( 5 )  and (6) neglec t  shear  e f f e c t s .  
Including Shear: 
Neglecting Shear: 
K1 
= s t i f f n e s s  of bu t ton  c a r t r i d g e  
K2 = damping of but ton c a r t r i d g e  (where K* = R, + i K  ) 1 2 
G '  = s torage  shear  noCulus of elastomer material 
G" = l o s s  shear  modulus of e l a s tone r  ma te r i a l  (&ere G* = G' + i G " )  
N' = e f f ecz ive  n u d e r  of e las tuner  ~Lements  (but tons)  i n  c a r t r i d g e  
9 = diameter of one element (but ton)  
h  - g t h i C k n e s s  of one element (but ton)  
3' ' shzpe f a c t o r  f o r  s t i f f n e s s  
9" = shape f a c t o r  f o r  damping 
K is the  r e a l  p a r t  and K2 i s  t he  imaginary p a r t  of t h e  complex impedence K*. 1 
G' is the  r e a l  p a r t  and G" is t h e  i u a g i ~ a r y  pa r t  of t he  complex shear  nodulus 
G* . 
Values f o r  C', G", G* (where G* = G '  + iC1'), j ' ,  and a" were r e q u i r e d  t o  make 
p r e d i c t i o n s  of  dynaaic  s t i f f n e s s  and damping of  the e las tomer  c a r t r i d g e s ,  based 
on e q u a t i o c s  (1) through (6). These v a l u e s  and t h e  neans  by which they were 
d e t e r a i n e d  w e r e  d i s c u s s e i  i n  r e f e r e n c e  131 .  S r i e f l p ,  t h e s e  v a l u e s  were determined 
from exper izrenta l  r e s u l t s ,  as  a f u n c t i o n  of f requency (and t empera tu re ) ,  us ing t h e  
s z e  e l a s t o n e r  m a t e r i a l  (polybutadiene)  a s  was used for t h e  tests r e p o r t e d  h e r e i n .  
The v a l u e s  f o r  C ' ,  G", and G* were determined from t h e  r e s u l t s  of s h e a r  specimen 
c e s t s  conducted over  a f requency range from 100 to  1000 Hz, f o r  a conscant  energy 
d i s s i p a t i o n  r a t e .  The v a l u e s  f o r  8 '  and 6"were empirically determined from tne re- 
s u l t s  of s i m i l a r l y  conducted e y l i r i d r i c a l  compression specimen tests. The fo l lowing  
e m p i r i c a l  r e l a t i o n s h i p s  were e s t a b l i s h e d  f o r  t h e s e  v a l u e s ,  a s  a f u n c t i o n  of 
frequency,  f o r  t e s t i n g  a t  32 a e g r e e s  Cent igrade:  
6 0.2037 s,mZ G' (d) = 5.686 x 10 L 
6 -0.1277 N,m2 G" ( A )  = 8.333 x 10  u 
3 '  (w)  = 12.33 '90 (dimensionless)  
3" (a) = 1.726 ; *0299 (dimensionless)  
where J is frequency i n  r a d i a n s  pe r  second. It is no tevor thy ,  based on t e s t  
res-~lts from r e f e r e n c e  131, that  e l a s t o x e r  camponent p r o p e r t i e s  are actually 
s e n s i t i v e  t o  s t r a i n  as w e l l  a s  frequency; i c c r e a s i n g  s t r a i n  g e n e r a l l y  r e s u l t s  
i n  a s l i g h t  d e c r e a s e  i n  dynamic s t i f f n e s s  and a more pronounced i n c r e a s e  i n  
dynamic danping (up t o  a p o i n t ,  beyond whish t h e  danping b e g i n s  t o  d e c r e a s e ) .  
The i e v e l  of s t r a i n  g e n e r a l l y  encountered i n  t h e  tests r e p o r t e d  h e r e i n  was 
somewhat lower than t h a t  encountered i n  the  t e s t s  from which C'  and G" were 
d e t e r x i z e d ,  as r s ? o r t e d  lc r e f e r e n c e  [ 3 : .  There fo re ,  some d i sc repancy  betveen 
p r e d i c t i s n s  and t e s t  r e s u l t s  f a r  t h e  c u r r e n t  tests, p a r t i c u l a r l y  a s  r e l a t e d  t o  
damping v a l u e s ,  was t o  be expected;  as w i l l  be  shcwn, sue:, d i s c r e p a n c i e s  were 
encountered For damping and were c o n s i s t e n t  w i t h  t 5 e  e f f e c t s  of s t r a i n  d i scussed  
he re .  
The ~ l a s t o a e r  dynamic p roper ty  p r e d i c t i o n s ,  based on e q u a t i o n s  (1) through ( 5 )  
f o r  500 Hz, a r e  presented f o r  t h e  r i n g  iartrldges i n  Tab le  3 and f o r  t h e  b u t t z n  
~ 3 r t r i d s e . s  i n  Ta3le A .  I n  a d d i t i o c  t o  i h e s e  p r e d i c t i o n s ,  because  of t h e  
TABLE 3 
PREDICTIONS OF STIFFNESS AND DAHPING AT 500Hz FOR RING CARTRIDGES 
S a m p l e  
Number 
S t i f f n e s s  of Cartridge 
N h  LB/ IN.  
2.0 x 10 1 . 1 x 1 0  5 
Damping of C a r t r i d g e  
N/M LB/IN. 
TABLE 4 
PREDICTIONS OF STIFFKESS AND DAMPING AT 500Hz FOR BUTTON CARTRIDGES 
Sample S t i f f n e s s  of Cartridge D a m p i n g  of C a r t r i d g e  
Number 
-- 
N/M 
- LB/IN.  N /M LB / I N .  
-. 
1 ( w i t h  shear) 1.7 x 10' 9.7 x 10 3.8 x lo6  2.2 x 10 4 4 
2 ( w i t h  shear) 3.1 x LO l . 8 x l o 5  7 . 5 ~  lo6  4.3 x 10 4 
3 ( w i t h  shear) 8.4 x 10 4 . 8 x 1 ~ 4  1.6 x l o 6  9.1 x 10 3 
3 ( w i t h o u t  
shear) 6.9 x 10 3 . 9 ~ 1 0  4 1.4 x l o 6  8.0 x 10 3 
differ~3nce in strain leve l  discussed above, the t e s t  resul ts  for l o s s  coef f ic ient  
(rat io  of damping to s t i f f n e s s )  were compared to  vzlues extrapolated from Figure 
12  (reproduced from reference [ 3 ] ) ,  which indicates the e f f e c t  of strain on lo s s  
coef f ic ient  for various geometries. 
Figure 12. I.oss C o e f f i c i e n t  a s  a Function of S t r a i n  and Elastomer Specimen (from Reference 3)  
VI I. INSTRUHENTATION 
The uncomplicated measurement requirements of t h e  base exc i t a t i on  resonant 
mass t e s t i n g  method have been expounded before  (see refe rence  (11). The 
test method f o r  t h e  r o t a t i n g  load test r i g  was e s s e n t i a l l y  t h e  same, with 
t h e  major d i f f e r ence  being t h a t  t he  exc i t a t i on  was provided by a ro t a t i ng  
unbalance fo rce  r a t h e r  than by a un i -d i r ec t i ona l  shake table .  S ta ted  b r i e f l y ,  
t h e  measurement requirements f o r  t h e  experimental i nves t i ga t ion  involving 
t h e  r o t a t i n g  load test r i g  vere a s  follows: 
1. Acceleration measurement of the  elastomer inner  support housing 
at tached t o  t h e  upper bearing housing 
2. Acceleration measurement of t h e  elastomex outer  support housing 
at tached to t h e  resonant mass 
3. Phase angle measurement between acce l e r a t i on  measurements (1) 
and (2) above 
4. Displacement measurement between the  two elastomer support 
housings ( r e l a t i v e  amplitude ac ros s  t h e  elastomer) 
5. Vibrat ion frequency 
6. Temperature of elastomer support housings and bear ing housings 
( fo r  re fe rence  only) . 
The input  acce le ra t ion  (1) was determined from two accelerometers located on 
the  upper bearing housing of t h e  test r i g .  Output acce le ra t ion  on the  resonant 
mass (2)  was determined from two accelerometers mounted d i r e c t l y  t o  t h e  elastomer 
ou te r  support housing. The use of two input and two output accelerometers,  
aligned r a d i a l l y  and separated a x i a l l y ,  with t h e i r  cutpi. s i g n a l s  displayed on 
one osc i l loscope  screen,  permitted immediate de t ec t i on  of any angular motion 
of e i t h e r  of t h e  elastomer support housings. When angular motions occur, they 
manifest themselves e i t h e r  a s  amplitude or  phase angle d i f f e r ences  between the  
two icput  accelerometers or  t he  two output accelerometers,  o r  a s  a combination 
of both amplitude and phase angle v a r i a t i o n s  ( fu r the r  d i scuss ion  of angular 
motion can be found i n  t he  next sec t ion  of t h i s  repor t ) .  To f a c i l i t a t e  t h e  
comparison of these  acce le ra t ions ,  the outputs  of the  four  accelerometers were 
simultaneously displayed on a four  channel osci l loscope.  I n  order t o  c l a r i f y  t he  
o s c i l l o s c o ~ e  d isp lay  of t he  input accelerometer s i g n a l s ,  2 KHz low-pass f i l t e r s  
were used t o  remove t h e  high frequency noise  o r ig ina t ing  i n  t h e  roll ing-element 
-35- 
bear ings .  The displacement measurement ( 4 )  between t h e  two e las tomer  suppor t  
housings ( r e l a t i v e  amplitude a c r o s s  t h e  e las tomer)  w a s  accomplished w i t h  a 
noncontacting edc?y c u r r e n t  type  sensor .  
Chromel-aiumel type  thermocouples were used t o  measure t h e  temperature i n  t h e  
n e t a l  of both  e las tomer  suppor t  housings  d i r e c t l y  ad jacen t  t o  t h e  e las tomer  
specimens ( four  thermocouples i n  a l l ) .  S imi la r  thermocouples were a l s o  used 
t o  measure t h e  temperature  i n  t h e  nietal  of both  bea r ing  housings d i r e c t l y  
a d j a c e n t  t o  t h e  o u t e r  r a c e s  of t h e  t e s t  r i g  bear ings .  The bea r ing  thermocouple 
o u t p u t s  were monitored i n  o rde r  t o  ensure  t h a t  t h e  b e a r i n g s  d i d  not  overheat .  
During t h e  course  of t h e  t e s t s ,  overhea t ing  of t h e  bea r ings  never occurred.  
The elastomer thermocouple ou tpu t s  were monitored i n  o rde r  t o  e s t i m a t e  the  
ex ten t  of se l f -hea t ing  t h a t  was occur r ing  i n  t h e  e las tomer  elements. The 
e las tomer  thermosoaples never ind ica ted  an i n c r e a s e  i n  temperature  of more 
than f i v e  degrees  Centigrade.  S ince  t h e  e las tomer  i n n e r  housing genera1l.y 
increased i n  temperature more than t h e  e las tomer  o u t e r  housing,  i t  was apparent  
t h a t  a t  l e a s t  a  p o r t i o n  of t h i s  temperature  r i s e  was due t o  h e a t  genera ted i n  the  
bea r ings  be ing  d i s s i p a t e d  through t h e  e las tomer  i n n e r  suppor t  housing. There- 
f o r e ,  i t  can be  assumed t h a t  any s e l f - h e a t i n g  of t h e  e las tomer  elements was 
minimal. 
Displacement and a c c e l e r a t i o n  d a t a  were d isplayed on o s c i l l o s c o p e s  i n  rea l - t ime 
form acd were, t o g e t h e r  wi th  temperatures  from i n d i v i d u a l  thermocouples, d i s -  
played i n  d i g i t a l  form f o r  monitoring purposes. Amplitude s i g n a l s ,  from t h e  
f o u r  accelerometers  and one displacement sensor  ( p l u s  an  a d d i t i o n a l  displacement 
sensor  located a t  t h e  bottom end of t h e  t e s t  r i g  s h a f t  and a d d i t i o n a l  acce le ro -  
meters  a s  descr ibed under "Operation of t h e  Tes t  Rig"), were s e ~ u e n t i a l l v  
switched by a minicomputer c ~ n t r o l l e d  analog scanner  i n t o  a two-channel t r a c k i n g  
f i l t e r  , which provided v i s u a l  readout of v i b r a t i o n  frequency and two f i l t e r e d  
amplitude s i g n a l s .  One of t h e  inpu t  accelerometer  s i g n a l s  was fed  a t  a l l  t imes  
i n t o  one of t h e  two channels of t h e  t r ack ing  f i l t e r  and from t h e r e  i n t o  a 
phase meter where i t  served a s  a r e f e r e n c e  s i g n a l  f o r  t h e  measurement of t h e  
phase ang le  of t h e  output  a c c e l e r a t i o n  s i g n a l s  and t h e  displacement s i g n a l .  
The  d-c va lues  p ropor t iona l  t o  phase ang le  and ampl i tude from t h e  phase meter 
and t r ack ing  f i l t e r  were then converted i n t o  d i g i t a l  form i n  d i g i t a l  vo l tme te r s  
and read au tomat ica l ly  by a PDP 11/34 minicomputer. The minicomputer acquired 
t h e  d a t a ,  performed some s p e c i f i e d  c a l c u l a t i o n s ,  and p r in ted  t h e  d a t a  and t h e  
resu l t s  of the calculat ions (including values for s t i f f n e s s  and damping) on a 
computer terminal used by the t e s t  r i g  operator. A schematic of the data 
acquisit ion system is  presentea :n Figure 13 .  
DATA ACQUISITION AND SAMPLING P' 7-1 
TELETYPE 
TERMINAL , A COMMAND UF- I I 1 d f i  :CAL.CU1 ATED PARAMETERS I 
F i g u r e  13.  Data :cquisition S c h e m a t i c  
V I I ? .  OPE?ATION OF THE TEST RIG 
The r o t a t i n g  luad test r i g  was asseab led  a d  run  s u c c e s s f u l l y  t c  o v e r  5:,000 
rpn  (900 Hz), f c l l o v i n g  t5e r e s o l u t i o n  of a few u i n o r  a s s e n 5 l y  ? rob lens  (e.g., 
s e a l  f i t s ,  e t c . ) .  The test r i g  was then  b a l a n ~ e d ,  i?-i s i t u ,  ar about  1200 rpn 
i n  o r d e r  t o  minimize the response  of t h e  f i r s t  t esc  r i g  resonance.  This Sal-  
ancing was a c , - ~ p l i s h + d  usirig d a t a  f r  -3 t h e  d isplacement  probe u h i c h  u a s  
~ S s e r v i z g  t h e  n o t i o n  a t  t h e  bottom of t h e  ro ta rSng  s h a f t ,  a t d  by a p p l y i z g  t h e  
c o r r e c t i o n  u e i g h t  t o  t h e  ba lance  v e i g h t  d i s k  l o c a t e d  a t  t h e  t q ~  of the r o t a t i n g  
s t a f r .  The a p l i t u d e  a t  :his resonance was reduced t o  t h e  p o i x t  where t h i s  
resonance coul6 be e a s i l y  ~ e g o t i a t e d .  
S o ~ e  a20i: lazal  ;r2blezs were encsuntcred i3 evalua:isg t h e  daza cbta l -ed  fr;r 
t h e  t e s c  r i g .  f i r s t ,  t 5 e  i n i t i z l  d a t z  z c q x l s i r i o n  sc5e3e C i 4  n2t  pr,duce :en- 
s i s r e z r  2a:a 3ecazse  s f  :ke l a r g e  s p e e i  f1uc:ua:isns af t i c  t e s r  r i g ,  x h i c h  
r - r j i t e  d r iven  a22 l i j h r l : ~  loaded. These i l u c r l l a t i r ~ s  r e s u l t e d  i n  s?e& v a r i a r  ;ens 
cf s w e r a l  hundreC r p  o-*-er a s e r i e s  ci daca ?oin:s. Tz o v e r c a n e  :?is ?rgb :e .  
an a c z i v i  t a t a  acqdis i :  i z n  s c h a i s  w a s  izpLe3ezreC t h a t  would a c q u i r e  dsrs on: c 
.:-2,:, sl,..L,. a  s ? s c i f i s d ,  n z r r a v  frequezcy r3nge. Sscond, i t  was found t h a t  s i g n i f i -  
cant  con ica l  motion of t h e  resopant  mass was superimpased upon its t r a n s l a t o r y  
z c z i z c ,  so  c c z 7 l i c z r l n g  t h e  i n t e p r e t a t i o n  ef t h e  ac=e ;e r s3e t? r  daz2. 
Severa l  adZi:ionai acc3;eronetzrs  were a??& : c  t h e  upper b e a r i n g  housizg of  
c; 
. . &..e :es= r;? 12 - : a r i ~ u s  : ~ c s r i z s  and c r i e n r a t i o n s  i n  o r d e r  t a  a i d  ic ;'--" --t.&--- 
- fy ing t h e  zcdes of d:,naafz res?onse of r h s  t e s r  r i g .  i h s e  acce le rz i i ece r s  
revealed +ha: t h e  f l e ~ ~ r e s  =ere  r c r  x a i n t a i z i n g  a  ?rrrelv t r a n s l a t o r ?  z o t i c n  
of -L ,..e u??.?r test  r i g  h 3 u s 1 q .  i n s t e a d ,  The): per It:& a c e r t a i n  axcant  c.i 
~ ~ ~ i 2 2 1  e x c i c a r i o n  r s  5e s u ? e r ~ z p o s e d  on t 3 e  :ransla:crv es:i:a:ion. 13 
. . . 
r c c r t i ~ c ,  :his x ~ c l a r  fls-:<l5i~i:;: of :he f l e x a r e s  has 5een f ~ u n d  :> c c c t r i 5 c r e  
t o  a  r-.smanzt. a: a5su: 23,599 r ? Y  ( r e f e r r e d  t o  as :he a,?er housi-3 ;c: .err 
f ie-mre resonance).  
- . ,, 
.> nanc,-. t F 2  :>51er ,  af t:?ese cpmb,neJ x c t i o n s ,  s d a t a  reduc t ion  scheme was 
Jevcl:;)c5 : c  iden t i f - ;  t i e  t rans l a t z r y  e l a s t o n e r  resonance xods and t r  fcrL-.~e 
- 
- .  
. e3n;n-:.A- -:zlxes cf itif i z e s s  3rd t a r p i n g  frcz :he tcs: d a t a .  3 e  anal::s;s 
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underlying t h i s  d a t a  reduc t ion  scheme is preseated i n  t h e  fol lowing s e c t i o n  
of t h i s  r epor t .  
l e s t i n g  YroceOures 
One of t h e  ~ a j o r  f e a t u r e s  of t h e  c u r r e n t  test prograa  vas t h e  pe r fo r r~ance  of 
t h e  scheduled tests a t  near-resonance condi t ions .  S ince  phase a n g l e  between 
i n n e r  housing e x c i t a t i o n  and resonant  mass response is an  a c c u r a t e  i n d i c a t o r  
of t h e  araoun: of liaarpirg i n  t h e  reg ion  of resonance, measureanents should pre- 
f e r a b l y  be made i n  t h e  phase a n g l e  range between approximately 1 5  and 165 
degrees  ( a s  d iscussed re fe rence  (21). (During t h e  t e s t s ,  t h i s  phase a n g l e  
informat ion from t h e  r o t a t i n g  load test r i g  was a c t u a l l y  read o u t  as nega t ive  
ang les  because or  t h e  s i g n  convention of t h e  ins t rumentat ion setup.)  Th is  
phase ang le  range r e q u i r e s  t h a t  t h e  t e s t  frequency b e  approximately 0.8 t o  
1.3 times t h e  c r i t i c a l  frequency of t h e  elastomer-resonant mass system. 
Coverage of a broad test frequency range w i t h  s u f f i c i e n t  test po in t s ,  there-  
f o r e ,  n e c e s s i t a t e s  changes i n  t h e  s i z e  of t h e  resonant  mass. The s m a l l e s t  
mass cons i s ted  of t h e  elastamer test s m p l e  o u t e r  h w s i n g  only ,  wi th  no 
a d d i t i o n a l  weight a t tached.  Inc reas ing ly  l a r g e r  mass combinations w e r e  
obta ined by a t t a c h i n g  weights of up t o  12 kg d i r e c t l y  t o  t h e  e las tomer  o u t e r  
housing . 
Once any one of t h e  e l a s t m e r  t e s t  samples had been mounted on t h e  r o t a t i n g  
load test r i g  and t h e  necessary  ins t rumentat ion was i n s c a l i e d  and connected, 
a t y p i c a l  rest sequency proceeded a s  follows: 
1. A resonant  mass v a s  s e l e c t e d  and i n s t a l l e d .  
2. Th2 r o t a t i n g  load t e s t  r i g  was run and frequency scans  were 
conducted u n t i l  t h e  approximate resonant frequerrcy of t h e  
system was found. (For s e l e c t e d  cases ,  an exact  determinat ion 
of t h e  system resonant frequency was subsequentiy made ty 
t r a c i n g ,  on ap X-Y p l o t t e r ,  d-c va lue  p ropor t iona l  t o  t h e  re-  
sonant mlss at - e l e r a t i o n  amplitt~cic ;IS .I func t ion  o f  t h e  r o t a t i o n a l  
f rcquc-ncv.) I t  mty I t. noted hc~rc. t l i , ~ t ,  for . I  rclti~t ional l y  exc i t 4  
s i n g  le-degrce  of freedom spring-damper-mass system. resonance 
occurs  a t  an angle  smal le r  than 90 degrees .  The d e v i a t i o n  
from 90 degrees  is e s s e n t i a i l y  determined by t b e  amount 
of danping i n  t h e  system. 
3. The v ib ra t i on  frequency w a s  reduced t o  about half  of t he  resonant 
frequency and d a t a  w a s  taken a t  ascending frequencies  u n t i l  t h e  
phase angle  increased t o  a value between 15  and 15 degrees (nega- 
t i v e ) ,  and a d a t a  point  was taken v i t h  t h e  minicomputer. Or.e 
d a t a  point  cons i s t e l  of one complete set of a l l  m p l i t u d e s ,  
associated phase angles ,  and test frequency. The minicomputer 
then performed t h e  ca l cu l a t i ons  discussed below and the  r e s u l t s  
w e r e  pr inted on the  test operator 's  console (computer terminal).  
4. Stepwise increases  in v ib ra t i on  frequency were hposed  and seve ra l  
d a t a  po in t s  were recorded u n t i l  t h e  phase angle  reached approximately 
165 degrees  (negat ivc)  . 
5. Tests ,  comprising Steps 1 through 4, were then repeated with each 
c-f t he  remaining masses i n  turn,  each mass giving a dynamic sys- 
t e m  v i t h  a d i f f e r e n t  resonant frequency- A s i n g l e  such test 
(Steps 1 throxgh 4) required less than an hour t o  perform. 
6. For some of t he  test specimens, Steps 2 through 4 were repeated 
f o r  two add i t i ona l  l e v e l s  of exc i t a t i on  (by changing r o t a t i n g  
unbalance) f a r  a s i n g l e  va lue  of resonant mass. 
The test r e s u l t s  produced by t h e  minicomputer consis ted of a pr in ted  d a t a  s e t  
def in ing  t h e  measured amplitudes f o r  each v i b r a t i o n  sensor a t  each frequency 
point  f o r  a series of test cases. The minicomputer a l s o  performed a l l  averaging 
funct ions and ca lcu la t ions  cecessary t o  compute s t i f f n e s s ,  K1, and damping, K2, 
f o r  each d a t a  point.  Since t he  dynamic moticn of t he  elastomer c a r t r i d g e s  was 
a combination of t r ans l a to ry  and conica l ,  i t  w a s  necessary f o r  t h e  minicomputer 
t o  f i r s t  c a l cu l a t e  t h e  t r a n s m i s s i b i l i t y  and phase angle of t h e  t r ans l a to ry  
motion. A sketch of the accelerometer arrangement f o r  t he  elastomer c a r t r i d g e  
specimens is presented i n  Figure 14 .  Assuming t h a t  the  elastomer ca r t r i dges  
behaved symaetr ical ly  and t h a t  t he  cen te r  of mass of the  ou te r  housing was 
lccated midway between t h e  elastomer elements, t he  t r ans l a to ry  moticn of the  
inner and outer  elastomer support housings is calculated from eqnations (7) 
and (8) . 
ELASTOMER 
CARTRIDGE 
CENTERLINE 
ELASTOMER 
ELEMENTS 
UPPER INPUT ACCECEROMETTER (#4) 
UPPER OUTPUT ACCELEROMETER (#2) 
CENTER OF MASS OF OUTER HOUSING 
W E R  OUTPUT ACCELEROMETER (#I ) 
ELASTOMER CARTRI DOE OUTER HOUSING 
LOWER INPUT KCELEROMETER (#3) 
E1,ASTOMER CARTRIDGE INNER HOUSING 
vte r e ,  
A = t r a n s l a t o r y  acce l e r a t i on  of e las tomer inner  housing 
IT 
A~~ 
= t r ans fa to ry  acce l e r a t i on  of elaszomer o u t e r  housing 
A1 
= acce l e r a t i on  of  lower output  accelerometer 
A, = a c c e l e r z t i c n  of upper output  accelerometer 
& 
X = acce l e r a t i on  of lower input  a c c e l e r o m t e r  3 
X = acce l e r a t i on  of upper input  acce1erone:er 
r, 
= d i s t znce  f r m  icli-er output  accelerometer Co c e n t e r  of mass of ou t e r  h o u s i n ~  
i2 = distase frm upper outpui  accelerometer t o  c e n t e r  of mass of ou t e r  housing 
' = d i s t ance  from Lower input  accelerometer t o  c e n t e r  of mass of ou t e r  housing 
" 3 
2, = d i s t ance  from upper Lnput a:celerocxter t o  cen t e r  of pz s s  of ou te r  housing 
'i. 
z ~ d  a l l  a cce l e r a t i ons  a r e  i n  c o q l e s  a o t a t i o n .  
Assuming that t he  e l a s t o ~ e r  c a r t r i d g e s  had n e g l i g i b l e  crcss-coupling s t i f f n e s s ,  
, and i(? were ca l cu l a t ed  using equat ions (9) chrough (12). 
... - 
2 - 1  
- 
?I cr - 3 cos s- 
=1 2 
3 - 2 3  cos  s + i 
where a = t r a n s l a t i o n a l  t r a n s m i s s i 5 i l i t y ,  t h a t  is t h e  r a t i o  of abso lu te  
values  of ou tpu t  t o  input  acceleration 
= t r a n s l a t i o n a l  phase angle  between input and output  acce l e r a t i on  
s i d n a l s  ( t h e  p o s i t i v e  va lue  of ci? was used) 
X = i he  v 3 l u e  of resonant m3ss. 
The devs lapnen t  of e q u a t i a n s  (11) and (12)  i s  p resen ted  i n  r e f e r e n c e  [ 3 ] .  
For r e f e r e n c e ,  t 5 e  n in icox?u t2 r  .;;SO c a l z u l a t e d  and p r i n t e d  c u t  t n 2  c o n i c a l  
x o t i c n  af t h e  i n n s t  an2 Guier  e l a s t o n e r  surport  h o u s i c g s  u s i n g  e q u a t i . 3 n s  (13)  
thraugh (16 ) .  
2 
= c o n i c a l  a c c e l e r a t i o n  cf e i r s t a n e r  i nne r  housing ( r a d l s e c  ) 
i b  .-, 
h = c o n i s z l  2cceLeracLcn s f  s l z s t m r  surer housing (rad/seci)  
OC 
2-d 
. -..sc 250q:e. , , , . . A .  1 ,  . and X, srs 2;':- ' 
- 1 -  - 3 '  - 
. . 3 u r l n g  t ke  : Jurse  zf r i i n n h g  thz tesc- ; ,  i n  czses xhen rhe  :r;,rco;r,?uter c s i c ~ l s -  
t i o n s  L z d i c a t e i  tha: :5s traris;s:ary r s s p n s e  cf t?.e s l a s t o a s r  ~ a r r r i d s 2  was 
ncr s isnL fLzacr l y  3Lsier : k t >  r y e  z c n i c z l  r e spocse ,  the r e s u L t s  or t h e  s t i f f n e s s  
2nd l a : ? i ~ <  c ~ l ~ u l a : i ~ x s  xere not c ~ n s i d e r e 2  t c  5e a c c u r a t e  and x e r e  igncrea .  
A ;?e:ifL: 2 f  t e s t s  f c r  :he r::a:izj 1022 e l a s t o ~ s r  t e s t  rLg Gas lj;: ~ u t  
f o r  t h i s  t e s t  program. Th i s  p lan  is  i l l u s t r a t e d  i n  Table 5. Table 5 g i v e s  a 
l i s t i n g  of  t h e  t e s t s  run. The r e f e r e n c e s  t o  ampl i tude i n  t h i s  t e s t  p lan  a r e  
approximate. That is, t h e  numbers g iven  r e f e r  t o  t h e  ampl i tude at resonance 
(which dropped o f f  t o  e i t h e r  s i d e  of resonance) and i n d i c a t e  a g e n e r a l  ampli- 
tude  range which w a s  used, r a t h e r  than a s p e c i f i c  va lue  of amplitude.  Th i s  is 
because t h e  amplitude was c o n t r o l l e d  by t h e  amount of unbalance i n  t h e  t e s t  
r i g  and was a f f e c t e d  by t h e  e las tomer  p r o p e r t i e s ,  a s  w e l l  a s  by speed and 
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ELASTOXER ROTXTISG LOAD TEST R I G  T E S T S  
-- -- - - - - - 
I .  RL'TTOX C A R T R I I K E  jfl (0.0032 m t h i c k )  
- - - - - - - - - -- - -- - - - 
1) 5 ?4 i c  r o n s  P-P (nom i  nil 1 )  'Imp I i t  udc* 
1 )  7 . 3  Kg rcson.Int  mass (16 l b s )  
2)  3.6 Kg rescJn:int mass ( 8  l b s )  
3 )  1.8 Kg r e s o n a n t  n a s s  (4 l b a )  
B )  12 .5  Y i c r o n s  P-- i \ m p l i t u d c  - 2.2 Kg r e s o n a n t  n a s s  (G.8 l h s )  
C )  25 ? l i s r o n s  P-P t l m ~ l i t u d e  - 2.2 Kg r e s o n a n t  mass (4 .8  l b s )  
11. Bl'l'TOS C A R T R I K E  $2 - (0.0024 m t h i c k )  
5 Y i c r o n s  P-P (nomina l )  Ampl i tude  
1) 11 .3  Kg r e s o n a n t  mass  ( 2 5  l b s )  
2)  5.0 Kg r e s o n a n t  mass (11 l b s )  
3) 3.2 Kg r e s o n a n t  mass (7  l b s )  
111. RCTTOS CARTRIDGE 33  -- (9.0648 m t h i c k )  
5 Y i c r o n s  P-P ( m r n i n a l )  Amp! i t u d e  
1 )  2 . 3  Kg r e s o n a n t  mass ( 5  l h s )  
2)  1 .4  Kg r e s o n a n t  mass ( 3  l b s )  
3 )  0.9 Kg r c s o n a n t  mass (2 l b s )  
I R I S G  CXRTRTDCE -:l (" .3048  m w i d e )  
- - 
A) 5 rnicrc3ns P-P ( n o m i n a l )  1 h p 1  i t u d c  
1)  5.5 Kg reson*in t  mass (7 -8 I b s )  
2) 2.2 Kg r e s ~ m a n t  m:ss ( h . 8  I b s )  
3)  1 . 3  Kg r e s o n a n t  mass (2 .8  I b s )  
R) 12 .5  ? I i c r o n s  P-P Anpl i t n d e  - 2 . 2  Kg r e s o n a n t  mass ( 4 . 8  l h s )  
C)  25 Y i c r n n s  P-P t h p l i t u d e  - -3.2 Kg r e s o n a n t  rltnss(&.8 I h s )  
L'. -- R I N G  CARTRIDGE %2 (0 .0024 m w i d e )  
0 . 1  F l ic rons  P-P (nomina l )  Amp1 i tude** 
I )  3 .5  Kg rt.sc-rn,int mass (7 .8  1 b s )  
2 1 - 7  K K  rt*sori;lnt rn.ts.; (? .8  I h s )  
3 )  0.19 Kg rt*st.n.lnt n1.1ss (1 .7  i h s )  
. - . - - . -  
":\mpl i t 11~1cs 1 i s t t d  iri t h i s  t;lt,lc, i~rt.  rcpr t . scn t . l t  i v c ;  sir.(-t3 rlnhn larlc.t was ttlc. i n -  
~ l t lpcn~: t .n t  va r i ; lh lc .  i n  clacll r u n ,  a m p l i t u d e  v a r i e d  w i d e l y  i n  t h e  r e s o n a n t  region. 
**Sc-t, ti i s t . r ~ s s  ion c ~ t  I C I W  .~mpl  i t  ~ l d t *  ill tt.?it . 
- A  5- 
resonant mass. The d i f fe ren t  resonant masses given i n  Table 5 fo r  each cart-  
ridge were used for  the purpose of ge t t ing  response data  a t  widely separated 
frequencies. This was necessary because the speed range over which useful  data 
could be obtained f o r  a s ing le  resonant condition was usually no more than about 
5000 rpm. 
Test Results 
It is the  purpose of t h i s  sect ion t o  present the  r e s u l t s  of the  tests parformed 
during t h i s  invest igat ion and conpare t h a  t o  the  predict ions of elastomer dy- 
namic propert ies  presented i n  an e a r l i e r  sec t ion  of this report.  The method of 
presentation chosen is predominantly tha t  of da ta  p lo t s  shwixrg measured elasto- 
mer s t i f f n e s s  (in N/w) and l o s s  coeff ic ient  versus t e s t  frequency. Additional 
test values, speci f ica l ly  aaplitude and phase angle, a r e  a l so  p lo t ted  a s  functions 
of frequency. The predicted values f o r  s t i f f n e s s  and l o s s  coeff ic ient  a r e  a l so  
represented on the  appropriate plots ,  Signif icant  scatter i n  the  measured values 
of s t i f f n e s s  and l o s s  coeff ic ient  may be observed, TUO reasons for  t h i s  s c a t t e r  
have been hypothesized, F i r s t ,  t he  motion of the  elastomer car t r idge  vas not en- 
t i r e l y  t ra r~s lh tory ,  a s  discussed above, Second, s t r a i n  varied during the  tests, 
as a function of frequency, due t o  the  resonant nature of the  tes t ing .  The sig- 
nif icance of changes i n  s t r a i n  is discussed below. To f a c i l i t a t e  the  evaluation 
o r  the  test results, the  r e s u l t s  f o r  each test a r e  suumarized i n  t ab les  l i s t i n g  
the  average values of measured s t i f fness ,  damping, and l o s s  coeff ic ient  for  each 
resonant mass along with the  appropriate predicted values. 
But ton  C a r t r i d g e  /& 
T h i s  c a r t r i d g e  w a s  t e s t e d  i n i t i a l l y  a t  t h r e e  d i f f e r e n t  f requency  r a n g e s  w h i l e  
keeping  t h e  peak e l a s t o m e r  ampl i t udes  about  t h e  same. A second set of tes ts  
was conducted w i t h  t h i s  c a r t r i d g e  d u r i n g  which t h e  peak ampl i t ude  was changed 
w h i l e  t h e  f requency  range  remained t h e  s m e .  T h i s  w a s  accompl ished  by changing  
t h e  unbalance  weight  i n  t h e  t e s t  r i g .  The a m p l i t u d e  v a r i a t i o n  t e s t s  were run  
a t  t h e  l owes t  o f  t h e  t h r e e  f requency  r anges  from the f i r s t  set of  t e s t s .  For  
t h e  f i r s t  set  o f  t e s t s  f o r  t h i s  c a r t r i d g e ,  t h e  f r equency  v a r i a t i o n  tests,  
t h e  ampl i t ude  i n  t h e  v i c i n i t y  of  r e sonance  and phase  a n g l e  o f  t h e  e l a s t o m e r  
r e sponse  a r e  p l o t t e d  a s  a  f u n c t i o n  of f requencv  i n  F i g u r e s  15 and 16, respec-  
t i v e l y .  The s t i f f n e s s  and l o s s  c o e f f i c i e n t  v a l u e s  c a l c u l a t e d  from t h i s  d a t a  


a r e  presented on log-log p l o t s  as func t ions  o i  frequency, i n  Figure 17. 
The p red ic ted  va lues  of s t i f f n e s s  and l o s s  c o e f f i c i e n t ,  both inc lud ing  and 
n e g l e c t i n g  the  e f f e c t  of s h e a r  loading of the  bu t tons ,  a r e  shown i n  Figure 
1 7  f o r  comparison with t h e  test r e s u l t s .  Since  t h e  bu t tons  i n  t h i s  c a r t r i d g e  
were glued i n  p l a c e  on bo th  s i d e s ,  it was expected t h a t  they would undergo s h e a r  
as w e l l  as compression loading.  Table 6 p r e s e n t s  t h e  average measured v a l u e s  
of st i f f  ness ,  damping, and l o s s  ccef f  i c i e n t  f o r  each o f  t h e  frequency v a r i a t i o n  
t e s t s  and t h e  p red ic ted  va lues  f o r  each, both  inc lud ing  and neg lec t ing  shear .  
The measured s t i f f n e s s  a g r e e s  q u i t e  favorably  wi th  t h e  p r e d i c t i o n s  t h a t  inc lude  
t h e  e f f e c t  of shear .  A t  t h e  lover frequencies ,  t h e  measured s t i f f n e s s  was 
s l i g h t l y  h igher  than  t h e  p red ic ted  va lue  including t h e  e f f e c t  of shear ,  whi le  
at t h e  h ighes t  f requenc ies ,  t h e  measured va lue  was s l i g h t l y  lower than  t h e  
p red ic ted  value .  For example, a t  280 Hz, t h e  measured s t i f f n e s s  is 2.123 x 
7 7 1 0  N/m and t h e  p red ic ted  v a l u e  is 1.655 x 10 N/m, whi le  a t  480 Hz, t h e  mea- 
7 7 
sured s t i f f n e s s  is 1.586 x 1 0  N/m and t h e  p red ic ted  v a l u e  is 1.720 x 10 N/m. 
However, t h e  measured damping (and subsequent ly  t h e  measured l o s s  c o e f f i c i e n t )  
a g r e e s  wi th  t h e  p r e d i c t i o n s  on ly  f o r  t h e  lw frequency test r e s u l t s .  A t  280 Hz, 
6 t h e  measured v a l u e  f o r  damping was 5.386 x 10 ~ / m  and is c l o s e  t o  t h e  p red ic ted  
6 
v a l u e  of 4.023 x 1 0  N/m, whi le  t h e  measured va lue  f o r  l o s s  c o e f f i c i e n t  was 
0.2538, which is very  c l o s e  t o  t h e  predic ted va lue  of 0.2416. A t  h igher  f r e -  
quencies,  t h e r e  is s i g n i f i c a n t  s c a t t e r ;  t h e  410 Hz damping r e s u l t s  a r e  regarded 
6 
a s  anomalous. A t  480 Hz, t h e  measured damping v a l u e  of 1.277 x 10 N/m is much 
l e s s  than t h e  p red ic ted  v a l u e  of 3.796 x lo6 N/m, whi le  t h e  measured l o s s  coef-  
f i c i e n t  of 0.0851 is a l s o  much l e s s  than t h e  p red ic ted  v a l u e  of 0.22tG However, 
e x t r a p o l a t i n g  t h e  curves  from Figure  12 (reproduced from re fe rence  3 ) ,  t h e  va lue  
of l o s s  c o e f f i c i e n t  p red ic ted  an  t h e  b a s i s  of s t r a i n  i s  about 0 .1  f o r  a com- 
p ress ion  specimen and about 0.14 f o r  a c a r t r i d g e  specimen. These va lues  com- 
pare  more favorably  wi th  t h e  480 Hz r e s u l t s  than with the  280 Hz r e s u l t s .  
The r e s u l t s  f o r  t h e  amplitude v a r i a t i o n  t e s t s  f o r  Button Car t r idge  #1 a r e  pre- 
sen ted  i n  a s i m i l a r  form i n  F igures  1 8  through 20 a - A,, T s ~ l e  7. S ince  t h e  
p r e d i c t i o n  equat ions  f o r  s t i f f n e s s  and dampi-ig do n o t  consider  t h e  e f f e c t  of 
s r r a i n ,  t h e  corresponding p r e d i c t i o n s  i n  Table 7 d o  no t  r e f l e c t  any dependence 
on s t r a i n .  The measured v a l c e s  of s t i f f n e s s  f e l l  s l i g h t l y  a t  h igher  s t r a i n s ,  
a trend c o n s i s t e n t  wi th  r e s u l t s  of r e fe rence  [ 3 ] .  A t  a  s t r a i n  of 0.002 
/ t h e  measured s t i f f n e s s  was 2.123 x 10 ~ / m .  The measured s t i f f n e s s  was 

TABLE 6 
ELASTOMER ROTATING RIG TEST RESULTS AND PREDICTIONS FOR 
FREQUENCY VARIATION TESTS OF BUTTON CARTRIDGE /I1 (0.0032 m THICK) 
St i f f  ness  (MN/m) Damping (FlN/m) Loss Coefficient 
Frequency Predicted Predicted Pr ed i c  ted 
(HZ) Average* With Without Average* With Without Average* With Without 
Average * Measure; Shear Shear Measured Shear Shear Measured Shear Shear 
*For each resonant mass 
TEST DATA POINTS 
50 
FREQUENCY (HZ) 
Figure 18. An~plitude Across 1;lastomer as  a Function of Frequency for 
kl~plitude Variation Tests of Button Cartridge #I (0.0032 rn Th:; :k) 
-- - A - - -


TABLE 7 
ELASTOMER ROTATING RIG TEST RESULTS AND PREDICTIONS FOR 
AMPLITUDE VARIATION TESTS OF BUTTON CARTRIDGE 111 (0.0032 m THICK) 
- -
Stif fneas  (MN/m) Damping (MN/m) Loes Coeff ic ient  
Peak Pr ed i c  t ed Predicted Predicted 
Double Average* With Without Average* J i t h  Without Avrrage* Variable With 
Amplitude Measured Shear Shear Measured Shear Shear Measured Str- in  Shear 
S t r , ~ i n  
(mlrn: 
*For each change i n  rotating unbalance 
7  
v i r t u a l l y  unchanged a t  a s t r a i n  o f  0.006 v i t h  a  v a l u e  o f  7.147 x 10 Nlm. At 
7  
a s t r a i n  o f  0.016, t h e  measured s t i f f n e s s  dropped L O  1.821 x 10 N/m. which 
7  
was approach ing  the s t r a in - independen t  p r e d i c t e d  v a l u e  1.665 x 10 H/m. Con- 
t r a r y  t o  o t h e r  r e s u l t s  t o  be d i s c u s s e d ,  t h e  measured v a l u e s  o f  damping v e r e  
c o n s i s t e n t l y  h i g h e r  t h a n  t h e  predicted va lues .  For t h e  t h r e e  v a l u e s  o f  s t r a i n  
6 6  
t h e  measured damping v a l u e s  were  5.386 x 10 N/m, i. 174 x 10 N/m,  and 4.305 
6 6 
x 1 0  N/m as compared t o  t h e  p r e d i c t e d  v a l u e  o f  4 -023 x 10 N/m. The l o s s  
c o e f f i c i e n t  was p r e d i c t e d  i n  two d i f f e r e n t  ways: first, from F igure  12 (uhicll  
is reproduced from r e f e r c n  e 3) as a f u n c t i o n  o f  s t r a i n .  independent  o f  ~ e o -  
metry and f requency;  and second,  a s  a  r a t i o  of  t h e  p r e d i c t e d  v a l u e s  o f  s t i f f -  
n e s s  and damping. i n c l u d i n g  t h e  e f f e c t  o f  s h e a r ,  as done f o r  t h e  f requency 
v a r i a t i o n  tests. T h i s  second ne thod does  n o t  c o n s i d e r  t h e  e f f e c t  o f  s t r a i n ,  
which h a s  been shown t o  be s i g n i f i c a n t .  Except f o r  t h e  lowest s t r a i n  case, 
v i t h  a measured l o s s  c o e f f i c i e n t  of  0.2533 compared t o  a p r e d i c t i o ~  from Fig- 
u re  12 o f  about  0.1, t h e  measured v a l u e s  are c l o s e  t o  t h e  l o s s  c o e f f i c i e n t  
p r e d i c t i o n s  from F igure  12. For a s t r a i n  of  0.006, t h e  measured l o s s  c o e f f i -  
c i e n t  o f  0.19 is v i r t u a l l y  i d e n t i c a l  t o  t h e  p r e d i c t e d  va lue .  k a n w h i l e ,  f o r  
a  s t r a i n  o f  0.013, t h e  measured v a l u e  o f  0.2364 was c l o s e  t o  t h e  p r e d i c t i o n  
from F igure  12 o f  about  0.21 and approached t h e  s t r a i n  independent  p r e d i c t i o n  
p i  0.24:6. 
Button C a r t r i d g e  82 
Oni ,  f requency v a r i a t i o n  tests were conducted w i t 3  the  c a r t r i d g e .  The r e s t i l t s  
f o r  t h e s e  tests a r e  p r e s e n t e d  i n  F i g u r e s  2 1  through 23 and i n  Tab le  8 .  The 
p r e d i c t i o n s  f o r  e l a s t o m e r  s t i f f n e s s  v e r e  g e n e r a l l y  h i g h e r  t han  t h e  measured 
v a l u e s .  For example, a t  425 Hz, compare t h e  measured s t i f f n e s s  v a l u e  o f  3.59 
7 
x 10 N / m  w i t h  t h e  p r e d i c t e d  v a l u e ,  i n c l u d i n g  t : . ~  e f f e c t  of s h e a r ,  o f  3.132 
7 
x 10 N/m. The measured vaiues of damping (and subsequen t ly  t h e  loss  c o e f f i -  
c i e n t )  were o n l y  abou t  h a l f  of t h e  p r e d i c t e d  v a l u e s .  To be  s p e c i f i c ,  a l s o  a t  
425 Hz, t h e  measured v a l u e s  o f  damping and l o s s  c o e f f i c i e n t  v e r e  3.918 x 10 6 
a/n and 0.1094, a s  compared t o  p r e d i c t e d  v a l u e s  o f  7.601 x 10' N/m and 0 . 2 L 2 7 ,  
r e spec - t ivc ly .  Although t h e s e  mcasr~red  damping and l o s s  c o e f f i c i e n t  v a l u e s  were 
1orsl.r tt.an t h e  p r e d i c t e d  v a l u e s ,  they werc q u i t e  c o n s i s t e n t .  Tltt .reforc, i t  is 
rc,~scmablc* t o  nss1r.e t t ~ i t  t h e y  are t h c  r e s u l t  of t h e  l o w  s t r a i n  l e v e l s  invo1vt.d 
in  ttlc t e s t i n g .  I n  f a c t ,  t h e  l o s s  cocff iL:ient  prediction h.ised on c ~ x t r i a p a l ; ~ t i o n  
OBIGfiTilL P.'J;!- 
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TABLE 8 
ELASTOMER ROTATING RIG TEST I~ESULTS AND PREDICTIONS 
FOR BUTTON CARTRIDGE 112 (0.0024 m THICK) 
S t i f f n e s s  (MN/rn) Damping (MN/rn) Loss Coeff ic ient  
Frequency Predicted Predicted Predicted 
(Hz Average* Without With Average* Wichout With Average* Without With 
Average* Measured Shear Shear Measured Shear Shear Measured Shear Shear 
*For each resonant mass 
of the  curves  i n  Figure  12 is about 0.10. Th is  is p r e c i s e l y  the  value  of l o s s  
c o e f f i c i e n t  which was measured f o r  Button Car t r idge  1 2 .  
Button C a r t r i d g e  83 
The amplitude i n  t h e  v i c i n i t y  of resonance and phase a n g l e  of t h e  e las tomer  
response f o r  t h i s  c a r t r i d g e  a r e  p l o t t e d  a s  a func t ion  of frequency i n  Figures  
2 b  and 25, r e s p e c t i v e l y .  The st i f  f n e s s  and l o s s  c o e f f i c i e n t  v a l u e s  determined 
from t h i s  d a t a  a r e  presented on log-log p l o t s ,  a s  f u n c t i o n s  o f  frequency, i n  
Figure 26. The p red ic ted  va lues  of s t i f f n e s s  and l o s s  c o e f f i c i e n t ,  both in- 
c lud ing  and n e g l e c t i n g  s h e a r  e f f e c t s ,  a r e  shown i n  Figure  26 f o r  comparison 
u i t h  t h e  test r e s u l t s .  Table 9 p r e s e n t s  t h e  average measured v a l u e s  of s t i f f -  
r e s s .  damping, and l o s s  c o e f f i c i e n t  f o r  each of t h e  resonant  mass tests, and 
t h e  p red ic ted  v a l u e s  f o r  each, both  inc lud ing  and n e g l e c t i n g  s h e a r  e f f e c t s .  
The test r e s u l t s  f o r  s t i f f n e s s ,  as compared w i t h  t h e  p red ic ted  v a l u e s  neglect -  
ing  s h e a r  e f f e c t s ,  are encouraging. S ince  t h e  bu t tons  were no t ,  i n  t h i s  case, 
glued t o  t h e  o u t e r  housing, it is reasonable  t h a t  t h e  e f f e c t  of sheay is  no t  
6 large. At 350 Hz t h e  measured v a l u e  of 6.53 x 10 N/m compares v e r y  favorably  
6 
with  t h e  p red ic ted  v a l u e  of 6.716 x 10 N/m. The p red ic ted  v a l u e s  f o r  damping 
and l o s s  c o e f f i c i e n t  are somewhat high. For example, a t  350 Hz, t h e  measured 
5 
va lue  of damping of 8.15 x 1 0  N/m is consjderably  lower than  t h e  p red ic ted  
6 
v a l u e  of 1.468 x 1 0  N/m and t h e  measured v a l u e  of l o s s  c o e f f i c i e n t  of 0.125 
is l o v e r  than  t h e  p red ic ted  v a l u e  of 0.219. However, t h e s e  d i s c r e p a n c i e s  can 
b e  expla ined by t h e  f a c t  t h a t  t h e  p r e d i c t i o n s  are based on moderate v a l u e s  of 
s t r a i n  ( e - g . ,  0.01) whi le  t h e  value  of s t r a i n  f o r  these  t e s t s  was very low 
(about 0.001). For polybutadiene,  both damping and l o s s  c o e f f i c i e n t s  a r e  known 
t o  f a l l  wi th  l o w  va lues  of s t r a i n .  I n  f a c t ,  r e f e r r i n g  t o  Figure 12 f o r  a 
s t r a i n  of 0.001, the  l o s s  c o e f f i c i e n t  f o r  bu t tons  would be expected t o  be 
around 0 .1  ( e x t r a p o l a t i n g  t h e  curves ) .  This  va lue  compares much more favor- 
a b l y  wi th  the  measured va lue  of l o s s  c o e f f i c i e n t  i n  the  p resen t  t e s t  s e r i e s  
(0.125). 
R i n ~  Car t r idge  #1  
~------------- 
H o t  1 1  Ir t>qi~cncv nr i ;lt i n n  and amp1 i t ude var i a t  ion t c s t s  w e r e  conducted w i  th  
t l ~  is c a r t  r idge.  Tlir~ r e s u l t s  fo r  t h e  frcqu*:ncy v a r i a t i o n  t e s t s  arc presented 
i n  Figures 2 7  through 29 and in Tablc 10. The measured d a t a  f a l l  general:!, 
be tween  t~,~bfi,HpqaJ,~~d',BpBriSColumn p r e d i c t i o n s  and a r e  q u i t e  c o n s i s t e n t .  For 
OF POOR Q U U ~  



TABLE 9 
ELASTOMER ROTATING RIG TEST RESULTS AND PREDICTIONS FOR BUTTON CARTRIDGE 113 (O.GO48 m THICK) 
Frequency S t i f f n e s s  (MNIm) Damping (MN/m) Loss C o e f f i c i e n t  
(Hz) Predicted Predicte .  Predicted Predicted Predicted Predicted 
Average* Average* With Without Average* With Without Average* With Without 
Measured Shear Shear Measured Shear Shear Measured Shear Shear 
*For each resonant mass 
Figure '7.  ?- - " l i~~de  dr rnss  Elastomer as a f i l n r + j n n  p... 
- - ' * L e n C Y  for F r e q u e n c y  Tests  of Ring Cartridge 11 (0.0048 , wide) 
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example,  a t  500 Hz, t h e  measured s t i f f n e s s  v a l u e  o f  1.977 s 10' N!m is a l m o s t  
e x a c t l y  midway be tween  t h e  Beam-Column and Wbe! p r e d i c t i o n s  of 1 .403  x  1 0  7  
1 
N/m and  2.650 x 10' N/m, r e s p e c t i v e l y .  The measured damping v a l u e  o f  3.503 
6 
x 10 N/m,  a t  t h e  same f  r e q u e n c s ,  is a l s o  n e a r l y  midway be tween  t h e  Beam- 
6 6 Column a n d  C 8 b e l  p r e d i c t ; ? n s  o f  2.290 x  1 0  X/m a n d  L . 3 2 6  x  1 0  N / m ,  r e s p e c -  
t i v e l v .  The measured loss c o e f f i c i e n t  o f  0.1772 is similar to  t h e  s t r a i n -  
i n d e p e n d e n t  p r e d i c t e d  v a l u e  of 0.1632. The s t r a i n  i n  t h i s  case was 0.004 - 
p e r h a p s  h i g h  enaugh t o  c o r r e s p o n d  to t h e  v a l u e  f rom which  t h e  s t r a i ~  independ-  
e n t  p r e d i c t i o n  was d e v e l o p e d  ( - - 0 1 ) .  The r e s u l t s  for t h e  a m p l i t u d e  v a r i a t i o n  
tests c o n d u c t e d  a t  500 Hz a r e  p r e s e n t e d  i n  F i g u r e s  30  t h r o u g h  32 a n d  i n  T a b l e  
11. The a v e r a g e  measured r e s u l t s  f o r  s t i f f n e s s  and damping c o n s i s t e n t l y  f a l l  
be tween  t h e  Gabe l  and  Bean-Column p r e d i c t i o n s .  I n  a d d i t i o n ,  measured  s t i f f -  
n e s s  d e z r e a s e s  s l i g h t l y  w i t h  i n c r e a s i n g  s t r a i n .  as  was e x p e c t e d ,  w i t h  v a l u e s  
7 - - 
o f  2.357 x 10 ~ / n ,  1.977 x 10' X / n ,  and 1.758 s 10'  Nim f o r  s t r a i n s  o f  0.001, 
0.00&, and 0 .006 ,  r e s p e c t i v e l y .  The measured damping v a l u e s  i n c r e a s e d  s l i g h t l y  
as s t r a i n  i n c r e a s e d ,  up to  a  p o i n t ,  beyond k h i c h  t h e  damping began  t o  d e c r e a s e .  
6  S p e c i f i c a l l y ,  t h e  c e a a u r e d  damping v ~ ~ l u e s  w e r e  3.193 x  ! O  S!m, 3.503 x 10 6 
6 S / m ,  and  3.389 s 10 NSm f o r  t h e  i n c r e a s i n g  v a l u e s  o f  s t r a i n  l i s t e d  above .  I n  
t h i s  case, t h e  measured v a l u e 5  o f  l o s s  c o e f f i c i e r t  f ~ l i l a v e d  t h e  e x p e c t e d  t r e n d  
and  i n c r e a s e d  w i t h  i n c r e a s i n g  v a l u e s  of s t r a i n  a n d  also compared q u i t e  fa-.or- 
a b l y  w i t h  t h e  l o s s  c o e f f i c i e n t  p r e d i c t i o n s  b a s e d  on F i g u r e  12.  I n  p a r t i c u l a r .  
f o r  a  s t r a i n  o f  0.001, t h e  measured l o s s  c o e f f i c i e n t  o f  0 .135 was e s s e n t i a l l y  
i d e n t i c a l  t o  t h e  p r e d i c t i o n  o f  0 . 1 $ ,  w h i l e  f o r  h i g h e r  s t r a i n s  t h e  measured 
v a l u e s  o f  l o s s  c o t - f f i r i e n t  a r e  15 p e r c e n t  belod t h e  p r e d i c t e d  v a l u e s .  
Ring C a r t r i d s e  if2 
For k i n g  C a r t r i d g e  ::l the  a r - p l i t u d r  i n  t h e  v i c i n i t y  o f  r e s o n a n c e  and  p h a s e  
a c g l e  of t h e  e l a s ~ ~ ~ m e r  r e s p o n s e  a r e  p l o t t e d  a s  s f u n c t i o n  of speed i n  F i g u r e s  
33 and  34, r e s p e c t i v e l y .  About e a c h  reson' .?ce,  t h e  e l a s t o m e r  a m p l i t u d z  p l o t s  
(. i g u r e  333 e x h i b i t  t h r e c  d i s t i n c t  peaks .  I n  g e n c r n l .  t h e  f i r s t  peak  was a t  
somewhat l e s s  t h n n  n i n e t y  d e g r e e s  p h a s e  n n p l e ,  and t h e  t h i r d  peak  , t t  more t h a n  
one  hundred  d e g r e e s  phast. a n g l e .  T i~cs t .  m u l t i p l e  peaks were . ~ p p a r e n t  l v  due  t o  
i11tc.r;tc.t i n n s  bt,twt.t.n rnort. t h n n  o n e  m d c  of v i h r n t  i o n  i n  t h e  c l a s t o m z r  spec imen  
.IS wc.1 l a*; i n  tile test r i g  i t s t b l f .  Tlit' scyilrcc. o f  t h i s  e f f e c t  was proh.abIv i n -  
t t ' r .~ , . t ic>l i  t*f t r ? r i s l . l t o r v  .and conic.11 mc*t i t~r i  o f  ~ : I c .  a p p e r  ht.clring h t w s i n ~  c r r  k > i  
t I IC ~.l.~..;tomt*r , - , t r t r i t ig t ,  i  t s c l  f . . \ I s (* .  t l i~a pi lase  .iny.lz p;i)t  fc-r t l ~  lowc*st 
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Figure 30.  Amplitude Acror r  Klretomer ar a Function of Frequency for  knpl i tude 
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F i ~ u r ~  32. S ~ i f f n t ~ s s  i ~ n d  Loss I:oc!ff i c . i p n t  o f  Hjng (:artrldgc 111 (0.0048 m Wide) for Amplitude Variation 
Tev  t s  n s  it Ftrnc. t i o n  of Freq~ri~nc.y 
Peak 
Double 
Amplitude 
Strain 
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TABLE 11 
ELASTOMER ROTATING RIG TEST -- RESULTS AND PREDICTIONS FOR 
AMPLITUDE VARIATION TESTS OF RING CARTRIDGE 111 (0.0048 c1 THICK) 
S t i f f n e s s  (MN/m) Damping (MN/m) Lose Coeff ic ient  
Pr ed i c  t ed Predicted Predicted 
Average* Beam &be1 Average* Beam GHbel Average* Variable Wbel 
Measured Column Measured Column Mea eured Strain 6 
Beam 
Column 
*For each change i n  rotating unbalance 
TEST DATA POINTS 

resonance shows some unexpected behavior ,  which was not  seen i n  any n f  t he  
o t h e r  t e s t s .  The s i g n  of  t h e  phase ang le  was r e ~ e r s e d  from t h e  o t h e r  t e s t s ,  
and i t  s h i f t e d  more than 180 degrees  a s  the  speed was increased.  I t  became 
apparent  t h a t  t h e  upper housing suppor t  f l e x u r e  resonance (desc r ibed  e a r l i e r  
i n  t h i s  r e p o r t )  w a s  caus ing  t h i s  behavior i n  t h e  d a t a .  Although t h e  a n a l y s i s  
of  t h i s  d a t a  g i v e s  f a i r l y  c o n s i s t e n t  r e s u l t s ,  i t  was decided t o  avoid t h i s  
speed range (around 20,OCO rpm) i n  subsequent t e s t s .  I t  is noted t h a t  the  
ampl i tudes  f o r  t h i s  c a r t r i d g e  w e r e  very low and, whi le  w i t h i n  t h e  r e s o l u t i o n  
c a p a b i l i t y  of  t h e  capac i t ance  probe,  the  smal l  s i g n a l s  a r e  expected t o  have 
con t r ibu ted  t o  t h e  s c a t t e r  i n  displacement amplitude.  In  s p i t e  of smal l  d i s -  
placements, t h e  G l e v e l s  seen by t h e  acce le romete r s  were s t i l l  of t h e  o r d e r  
of 1 t o  10.  
The s t i f f n e s s  and l o s s  c o e f f i c i e n t  v a l u e s  c a l c u l a t e d  from t h i s  d a t a  a r e  pre- 
sen ted  on log-log p l o t s ,  a s  f u n c t i o n s  of speed,  i n  Figure  35. The p red ic ted  
va lues  of s t i f f n e s s  and l o s s  c o e f f i c i e n t ,  us ing both  Beam-Column and N b c l  
equa t ions ,  a r e  shown i n  Figure 35 f o r  comparison w i t h  t h e  test r e s u l t s .  Table 
12 p r e s e n t s  the  average measured va lues  of s t i f f n e s s ,  damping, and l o s s  coef-  
f i c i e n t  f o r  each of t h e  resonant  mass t e s t s ,  and the  p red ic ted  va lues  f o r  each,  
us ing both  Beam-Column and Gubel equat ions .  The t e s t  r e s u l t s  compare f a i r l y  
w e l l  wi th  t h e  p r e d i c t e d  v a l u e s ,  p a r t i c u l a r l y  those  from the  Gubel equa t ions .  
The p red ic ted  va lues  f o r  s t i f f n e s s  f a l l  on t h e  edge of  and,  a t  some f requenc ies ,  
j u s t  o u t s i d e  t h e  range e s t a b l i s h e d  by t h e  two p r e d i c t i o n  methods. For  example, 
7 
a t  450 Hz, the  measured va lue  of  s t i f f n e s s  of 1.361 x 10 N / m  compares wi th  
7 
the  p red ic ted  va lues  of 1.302 x  10 N / m  from t h e  G8bel equa t ion  and 6.87 x  10 6  
N/m froio the  Beam-Column equat ion.  The p red ic ted  xralues f o r  damping and l o s s  
c o e f f f c i e n t  from the  G8bel equat ion a r e  g e n e r a l l y  somewhat h igher  than thc  
measured values .  Compare, a t  550 Hz, the  measured va lue  of damping of  1.923 
x lo6 N!m wi th  t h e  p r e d i c t e d  va lues  of 2.169 x lo6 N l r  from t h e  GHbel e q u a t i ~  n 
6  
and 1.16 x  10 N / m  from the  Beam-Column equa t ion .  The measured l o s s  c o e f f i c i e n t  
a t  450 Hz was 0.1413, somewhat lower than the  p red ic ted  value  of 0.169, from 
both  equa t ions .  However, t h i s  can be expla ined by t h e  f a c t  t h a t  the  p r e d i c t i o n s  
a r e  based on moderate va lues  of s t r a i n  (e .g . ,  0.01) whi le  the  va lue  of s t i - a i n  
f o r  these  t e s t s  was very low (about 0.001). For polybutadiene,  both dzmping 
and l o s s  c o e f f i c i e n t  a r e  known t o  f a l l  wi th  low v a l u e s  of s t r a i n .  From Figure  
12, t h e  l o s s  c o e f f i c i e n t  f o r  a c a r t r i d g e  specimen a t  a  s t r a i n  of 6 . 0 0 1  would 
be  about 0 . 1 4  (by e x t r a p o l a t i n g  t h e  curve) which compares verv favorably  wi th  
the  measured va lue  o f  0.1413 a t  450 Hz .  
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LX. DISCUSSION 
The r e s u l t s  presented i n  the preceding s e c t i o n  i n d i c a t e ,  f i r s t ,  * : a ro- 
t a t i n g  load equ iva len t  of t h e  r e c i p r o c a t i n g  load Base E x c i t a t i o .  -eonant Mass 
test method has been s u c c e s s f u l l y  implemented and, second, t h a t  the  p r e d i c t i v e  
methods based on r e c i p r o c a t i n g  e las tomer  test r e s u l t s  a r e  a p p l i c a b l e  t o  c- 
elas tomer  element which is sub jec ted  t o  a r o t a t i n g  load.  
Phase angle  and amplitude r a t i o  between in?u t  and ou tpu t  e lements  e x h i b i t  t h e  
same o v e r a l l  v a r i a t i o n  w i t h  frequency as t h e  r e c i p r o c a t i n g  load t e s t  method, 
b u t ,  i n e v i t a b l y ,  t h e  tendency f o r  o t h e r  motions t o  superimpose themselves on 
t h e  d e s i r e d  c y l i n d r i c a l  motion i n t r o d u c e s  a d d i t i o n a l  s c a t t e r  i n  t h e  r o t a t i n g  
load d a t a .  
Considering t h e  r e s u l t a n t  d i f f i c u l t i e s  encountered i n  d a t a  i n t e r p r e t a t i o n ,  t h e  
comparisons of  p r e d i c t e d  and measured dynamic p r o p e r t i e s  a r e  encouraging. The 
p r e d i c t i o n s  of dynar ic  e l as tomer  s t i f f n e s s  were g e n e r a l l y  accep tab ly  c l o s e  t o  
t h e  average measured values .  Corresponding p r e d i c t i o n s  of  damping o r  l o ~ s  co- 
e f f i c i e n t  (not  account ing f o r  e f f e c t s  of s t r a i n )  a r e  r ~ n e r a l l y  h igher  than 
average msasured va lues ;  t h i s  r e s u l t  can be ra t io t -  d z e d  by cons ide r ing  che 
known s t r a i s  dependence of e l as tomer  p r o p e r t i e s .  Unfor tunate ly  t h e  e las tomer  
s l r a i n  l e v e l s  genera ted i n  t h e  r o t a t i n g  load  t e s t s  were lower than those  upon 
-.-ich t h e  e las tomer  m a t e r i a l  p r o p e r t i e s  and geometry f a c t o r s  were based. A s  
. discussed  and demonstrated i n  Figure  12  (reproduced from r e f e r e n c e  [ 3 ] ) ,  re -  
ducing s t r a i n  t o  low l e v e l s  c l e a r l y  reduces  damping and l o s s  c o e f f i c i e n t ;  when 
l o s s  c o e f f i c i e n t  p r e d i c t i o n s  a r e  e x t r a p o l a t e d  from Fignre  12,  they sho.. 'm- 
pro\bJ  agreement wi th  t h e  r o t a t i n g  load  t e s t  da ta .  
The n a t u r e  of t' se comparisons and the  c l e a r  importance of s t r a i n  a s  a  para- 
meter underscore t h e  need, when p r e d i c t i n g  e las tomer  dynamic p r o p e r t i e s  f o r  
a  s p e c i f i c  environment, t o  account f o r  e f f e c t s  of frequency,  temperature ,  am- 
p l i t u d e ,  and m a t e r i a l .  I t  is  f u r t h e r  made c l e a r  t h a t  a degree  of u n c e r t a i n t y  
is i n e v i t a b l e  i n  any p r e d i c t i o n  of component p r o p e r t i e s .  
So as t o  provide  q u a l i t a t i v e  comparison wi th  p r e d i c t i o n s  and measurements of 
r i n g  c a r t r i d g e  s t i f f n e s s  and damping under a  u n i d i r e c t i o n a l  l o a d ,  Figures  36 
and 37 a r e  reproduced from r e f e r e n c e  3. It has  t o  be pointed o u t  t h a t  t h e r e  
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Y i s .  37 S t  i f f  IIC-.<S .1,1cl Il;lmpin:. -r ( : ;~rt  r itlgv Spcgc- ;rnt*n. 
Tr.!ti:;i;~t i S t 1 . i  I t x z i  t . 1 1  i t 1 1 1  (irtvrn HI.(. 3 .  Fig. 87)  
were s i g n i f i c a n t  d i f f e r e n c e s  i n  r i n g  d i m n s i o n  f o r  t h e  r o t a t i n g  load tests 
as opposed t o  t n e  unidirectiona!. load tests, as shovn i n  Table 13. 
TABLE 13 
RING DL!SIONS FOR UNIDIRECTIUW l..OAD AND ROTATING LOAD TESTS 
Load 
- Ring No. - ID - OD Length 
Unid i rec t iona l  1 0.0191 0.0286 O.CX)&S 
2  0.0191 0.0286 0.0095 
Ro tz L ing  
As f o r  the r o t a t i n g  load s tud ies ,  dynamic c h a r a c t e r i s t i c s  were p red ic te?  by 
the  m b e l  and the  Beam-Column aethods ,  and t h e  m a s u r e d  r e s u l t s  tend t o  f a l l  
between t h e  two sets of  p red ic t ions .  However, as a r e s u l t  o f  t h e  more prec i se .  
d i r e c t ,  continuous c o n t r o l l a b i l i t y  o f  t h e  u n i d i r e c t i o n a l  test method, t h e  test 
d a t a  is d i s t i n c t l y  more c o n s i s t e n t  than f o r  t h e  r o t a t h g  load case .  
This q u a l i t a t i v e  comparison o i  t h e  t w ~  test methods adds weight to t,he con- 
c l u s i o n  t h a t  the dynamic c h a r a c t e r i s t i c s  o t  an  elast-r damper f o r  r o t a t i n g  
load a p p l i c a t i a n s  can be p red ic ted  from u n i d i r e c t i o n a l  load material d a t a  and 
v e r i f i e d  by u ~ i d i r e c t i o n a l  component tests. Apparent i n c o n s i s t e n c i e s  i n  t h e  
r o t a t i n g  load a p p l i c a t i o n  w i l l  be a  r e s u l t  o f  t h e  complexities of the ro td r -  
bear ing s;.stem r a t h e r  than changes i n  component prope- t ies .  
Since the r o t a t i n g  load test r i g  involved response of a  ro tor-bear ing system 
t o  unbalance, i t  may be regarded as having demonstrated t h e  con t ro l  of r o t a t i n g  
mrickiner). v i b r a t i o n s  by an  elastomer.  Th? s i g n i f i c a n c e  of t h e  u n c e r t a i n t i e s  
in  damping may be viewed wi th in  t h e  framework of :heir in f luence  on t h e  dynamic 
response of a  machine t o  dynamic e x c i t a t i o n .  S ince  average measured st i f  f n e s s  
was genera l ly  in  good agreement w i t h  p re .+ ic t ions .  i t  is t o  be expected t h a t  
confidence i n  c r i t i c a l  speed p r e d i c t i o n s  should be a s  high a s  wi th  any ot11c.r 
f l e x i b l e  bear ing mount. Since ,  i n  some cases .  p red ic ted  damping could hc 50 
percent low, i t  must be recognized t h a t ,  i f  t h e  e las tomer  is t h e  on!y source  
of damging, then a design should 5e t o l e r a n t  t o  response ampl i tudes  which a r e  
a :.actor of two h igher  than p red ic ted  for nominal cond i t ions .  S ince  uncer ta in -  
t y  o f  a s i m i l a r  nugnitudc can be expt.ctt.d i n  s q u e e ~ e  f i l m  damper p r rc i i c t ions ,  
the elastomer w i n g  predictions demonstrated within the present report 
q-~alify elastorer dampers for application, test, and evaluation, at least on 
the basis of predictability. Ihe need for application, test, and evaluation 
of elastomer dalpers is clearly indicated. Such +valuation should seek to 
test, oa a rational basis, the ability ~f elast-r dampers to control ma- 
chinery vibrations. 
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